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GENERAL SOLUTION OF THE LAMINAR COMPRESSIBLE BOUNDARY LAYER 

IN THE STAGNATION REGION OF BLUNT BODIES 

IN AXISYMMETRIC FLOW* 

By Fred W. Matting 

Ames Research Center 
Moffett Field, Calif. 

SUMMARY 

A modified Howarth-Dorodnitsyn transformation has been used to 
write the laminar boundary-layer equations for axisymmetric flow in 
terms of transformed variables, and the equations have been specialized 
for the vicinity of the stagnation point. Solutions to the equations 
depend on the wall enthalpy and on the variation of several of the gas 
properties through the boundary layer. The gas -property relationships 
are represented in the form of polynomials in powers of the deviation of 
the dimensionless enthalpy from a reference value, and the coefficients 
of these polynomials become parameters of the problem. 

The solution of the stagnation -point equations is obtained by 
expanding the dimensionless enthalpy and stream function into two series 
in powers of the deviation of the dimensionless wall enthalpy from a 
reference value. With this formulation the effects of all the param- 
eters appear explicitly. The equations obtained by this procedure deter- 
mine the universal functions of the problem. 

Values of the universal functions are tabulated and working formulas 
are compiled including inverse transformations back to field variables. 
Examples are given to demonstrate the use of the universal functions. 
Comparisons are made with exact solutions for velocity and enthalpy pro- 
files, for wall -friction coefficients, and for heat transfer at the wall. 

The solutions obtained are applicable to any gas . They are best 
suited for free-stream Mach numbers, up to about 5? where chemical reac- 
tions are not especially important. At the higher Mach numbers with 
chemical reactions, the calculations are for equilibrium-gas boundary 
layers . 

*This report was submitted to Stanford University in partial ful- 
fillment of the requirements for the degree of Doctor of Philosophy in 
Engineering Mechanics, June 1964. 
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CHAPTER 1 
INTRODUCTION 

The boundary -layer equations proposed by Prandtl in 1904 and 
extended to compressible flow by the inclusion of an energy equation 
(ref. 1) are generally used for solving compressible laminar -boundary - 
layer problems although they represent only a first approximation of 
the Navier -Stokes equations. In Prandtl’ s treatment the flow field has 
been separated into two parts , an external inviscid -flow and a boundary 
layer. The usual procedure is to solve the external flow problem first, 
applying a tangency flow boundary condition at the actual body shape. 
This neglects the displacement effect on the external flow due to the 
boundary layer on the body. 

In the solution of the external flow problem, vorticity in the 
external flow is often neglected. Considering vorticity in the external 
flow changes (and complicates) the outer boundary condition for the 
boundary -layer equations. Around bodies whose longitudinal curvature is 
not large, the centrifugal force term in the boundary-layer momentum 
equations is generally neglected, allowing the momentum equation normal 
to the body surface to be discarded. 

It Is seen that if one considers the displacement of the external 
flow by the boundary layer and considers also the external vorticity, 
there is a complicated interaction between the boundary layer and the 
external flow. One approach to this Interaction problem is to numeri- 
cally solve the boundary-layer equations over the flow field. Fliigge- 
Lotz and coworkers have obtained a number of solutions with interaction 
effects by numerical methods. In reference 2, for example, the dis- 
placement-thickness interaction has been treated using an implicit 
finite -difference scheme, and in reference 3> all interactions have been 
considered using finite- difference solutions to equations developed from 
inner and outer, expansions by Van Dyke (refs. 4 and 5 )* 

The consideration of interactions in the boundary -layer problem is 
outside the scope of the present work. The centrifugal force term will 
be neglected by the assumption that the curvature around a blunt body 
is not large. For the inner boundary condition, a no -slip, 
no -temperature jump, and no -injection condition will be assumed. 
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Solutions will be considered in the nature of a first-order approxima- 
tion to the actual flow as described by the full Navier-Stokes and 
energy equations. 

The compressible laminar boundary -layer problem, even without 
interactions, is complicated because the differential equations are 
coupled and nonlinear, and, in general, do not have closed-form solu- 
tions. The problem can be solved by numerical (finite difference) 
methods, and, generally, one must obtain a new solution for each "case." 
The blunt -body problem can be generalized somewhat if the boundary- 
layer equations are expanded into powers of the longitudinal variable. 
Then, analogously to the Blasius series for incompressible flow (ref.l), 
the problem is reduced to the solution of a number of ordinary dif- 
ferential equations, the zero-order equations being nonlinear, the 
higher-order equations linear, but all equations essentially coupled. 

The solutions for these ordinary differential equations are not univer- 
sal for compressible flow, because they depend on the wall temperature 
(or enthalpy) and on the variation of the thermodynamic and transport 
properties of the gas . 

In the present work we will set up the boundary -layer equations in 
transformed variables (ch. 2), using a modified form of the Howarth- 
Dorodnitsyn transformation (ref. 6). We will specialize the transformed 
equations for the vicinity of the stagnation point of axisymmetric blunt 
bodies in axisymmetric flow (ch. 3 ) • The resulting equations will be a 
pair of coupled nonlinear ordinary differential equations. These will 
be the zero -order equations in the expansion of the transformed partial 
differential equations in powers of the transformed longitudinal vari- 
able. (The forms of the higher -order equations in this expansion are 
indicated in appendix A. ) 

We will seek a general form of solutions to the stagnation -point 
equations. These solutions will be made up of sums of the products of 
universal functions and the parameters of the problem, and they will 
depend on the wall enthalpy and on the variation of several of the gas 
properties through the boundary layer. The gas properties can be 
related to the enthalpy of the gas, either analytically or numerically. 
We will represent the functional relationship between the several gas 
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properties and the enthalpy in the form of polynomials in powers of the 
deviation of the dimensionless enthalpy from a reference value. The 
coefficients of the polynomials become parameters of the problem; the 
universal functions are independent of the particular values that the 
parameters may take. 

Our method of solving the stagnation -point equations is to form 
the solution as a series in powers of the deviation of the dimension- 
less wall enthalpy from a reference value. With this formulation, the 
effects of all the other parameters appear explicitly. The equations 
are set up in the form to be solved in chapter 4. The obtaining of the 
solutions for the universal functions is explained in chapter 5; these 
solutions were all obtained numerically by machine computation. Tabu- 
lations of these functions are given (table i); they are als’o stored on 
a permanent binary tape for convenient use in machine computation* 
although an automatic computing machine is not needed for the use of 
the functions. Inverse transformations back to field variables, and 
the determination of a number of coefficients of interest are given in 
chapter 6. Examples explaining the use of the method of solution are 
given in chapter 7* 

The range of validity of the calculations is discussed in chap- 
ter 8. In general, the procedure, as set up, is best suited to moder- 
ate free -stream Mach numbers, say up to about 5, where chemical effects 
are not especially important. At the higher Mach numbers, with chemi- 
cal reactions occurring in the boundary layer, the procedure will 
deliver a reasonable approximation to actual flows . The calculation 
is for an equilibrium boundary layer and does not consider finite 
chemical reaction rates. This is not inherent in the method of solu- 
tion, but the original boundary -layer equations from which the solution 
is developed have been written in a simplified form that does not con- 
sider finite chemical reaction rates. 

A synopsis of the method of using the universal functions is given 
in a summary of working formulas in table E-l. 


*Available with computing program from Ames Research Center, 
NASA, Moffett Field, Calif. 
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CHAPTER 2 


PARTIAL DIFFERENTIAL EQUATIONS FOR THE COMPRESSIBLE 
LAMINAR BOUNDARY LAYER 


A. A SYSTEM OF NONLINEAR PARTIAL DIFFERENTIAL EQUATIONS 


The Navier-Stokes equations as simplified by Prandtl’ s order of 
magnitude analysis may he put in the familiar form of the steady-state 
laminar boundary -layer equations as follows. (The x and y subscripts 
denote partial differentiation with respect to that variable.) 
Continuity equation: 

(pur e ) x + (pvr e ) y = 0 (2.1) 

x momentum equation: 

PUU X + pVUy = -P x + ( M-Uy ) (2.2) 

y momentum equation: 

P y = 0 (2.3) 


Energy equation: 

puH x + pvHy 



(2.4) 


where 

e = 0 for two-dimensional flow 
e = 1 for axially symmetric flow 

The momentum equation in the y direction, P y = 0, includes the condi- 
tion that the wall curvature is not strong so that centrifugal force 
can be neglected. The equation states that the pressure can be assumed 
constant across the boundary layer. At a distance from the wall at 
which viscous effects are no longer important, the longitudinal compo- 
nent of velocity, u, approaches asymptotically the external velocity, 
u e . At this distance, the longitudinal momentum equation reduces to: 

Px = - P e u e' a e x (2-5) 

which is the Euler momentum equation for inviscid flow. This equation 
neglects the contribution to the external pressure due to the transverse 
velocity component, v e . 
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Equations (2.1) to (2.4) are continuum equations and do not con- 
sider nonequilibrium chemical effects. The equations can "be considered 
to include diffusion for the equilibrium case (equilibrium gas proper- 
ties) when a is an "effective" Prandtl number. (This is explained in 
ch. 7 .) When equilibrium gas properties are used the equations will 
also give wall values that reasonably approximate "frozen flow" with a 
catalytic wall (ch. 7 ). In setting up the boundary conditions for equa- 
tions ( 2 . 1 ) to ( 2.4 ), we will not consider the interaction effects due 
to external vorticity and displacement thickness. With a tangency flow 
condition applied on the body surface, the external flow is assumed to 
be known and the pressure, P(x), throughout the boundary layer is known. 

The x coordinate is measured along the body (a meridian in the 
axisymmetric case), while the y coordinate is measured along an out- 
ward normal from the body. Again it is noted that the body curvature 
should not be strong to permit the use of equations ( 2 . 1 ) to (2.4) with 
a "bent" coordinate system. The body radius, r, is as shown in the 
sketch. 

Equations (2.1), (2.2), 
and ( 2 . 4 ) contain six unknowns: 
u, v, H, p, \x, a. For a given 
gas, an equation of state, 
p = p(H,P), will be known and 
the gas properties, p = p(H,P) 
and a = cr(H,P), will be known 
(ref. 10). The unknowns in the 
three differential equations are 
then reduced to three, u, v, H. 

The wall boundary conditions with no slip, no injection or suction, 
and no temperature jump are: 

u(x, 0) = 0 v(x,0) = 0 H(x, 0) = H w (x) 

where H w (x) is prescribed, or: 

— (x, 0 ) = a prescribed function of x 
Sy 
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The external "boundary conditions are: 


u(x,oo) = U e (x) H(x,oo) = H e (x) 

For the enthalpy "boundary condition, H e (x) is determined from the 
adiabatic relationship: 


H e ( x ) — -^-st 


u e 2 ( x ) 

2 


( 2 . 6 ) 


which neglects the contribution of the transverse velocity component, 
v e . For the general problem a starting profile at a given x value 
should be known to begin the solution. In the case of the symmetrical 
stagnation-point problem, the partial differential equations can be 
reduced to ordinary differential equations and the stagnation profile 
determined. (This will be taken up subsequently.) 

Equations (2.1), (2.2), and (2.4-) will be transformed by means of 
the Howarth-Dorodnitsyn transformation (ref. 6 , p. 290 of ref. j) , and 
a stream function will be introduced that satisfies the continuity 
equation and eliminates u and v. The transformed equations in final 
form will be of third order in the transformed y coordinate but the 
enthalpy term will remain of second order in the transformed y. 


B. HOWARTH-DORODNITSYN TRANSFORMATION OF THE PARTIAL 
DIFFERENTIAL EQUATIONS 


The following transformation of the coordinates will be used to 
transform equations ( 2 . 1 ), ( 2 . 2 ), and (2.4): 

P^PwUer 25 dx x ( 2 . 7 ) 



4 


r e u e 

n / 2t 



P <3-y z 


Then: 

3 _ 3 3 

3x x 3 t 3rj 

because r = t(x), while r) = T)(x,y). 


and 


3 _3_ 

3y ^ 3r) 


( 2 . 8 ) 
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1. Continuity Relationships 


The continuity equation (2.1) is transformed to: 

(pur 6 ) T T x + (pur e )^T] x + ^(pvj^riy = 0 (2.9) 

The original equation, (2.1), can "be identically satisfied "by a 
stream function t(x,y) such that 


i at 

P u = — 

dy 


( 2 . 10 ) 


pv = 4 21 ( 2 . 11 ) 

r e ax 

Then, by means of the coordinate transformation, we obtain 

1 df(T,T})r| 

pu = ^ — a^ 


pu e 

at(T,n) 

(2.12) 

2t 

aq 

u e 

at(r,n) 

(2.13) 


aiq 


4 T + |i 

(2.1b) 

r € Var x at] x / 


It is convenient to introduce 

f (t, T) ) = (2.15) 

s[2r 


The quantity, f, is a kind of dimensionless stream function; it will be 
a dependent variable in the subsequent equations. The velocity compo- 
nents are then given by 


u = u e f tj = n e 


IX 

% 


(2.16) 


or 



(2.17) 


8 



and 


pv = r 



n/2t 


(2.18) 


Equation (2.18) can also be obtained when (2.16) is substituted in 
(2.9) and formally integrated after some manipulation. With u and v 
taken as zero at the wall and u = u e far away from the wall, equa- 
tions ( 2 . 17 ) and ( 2 . 18 ) provide the boundary conditions on f. 

f ( t, 0 ) = 0 

f n (T>0) = 0 

f-r^T, 00 ) = 1 

The relationship in equation (2.18) will be used to eliminate v from 
the momentum and energy equations. 


2. Transformation of the Momentum Equation 


We write the momentum equation in the new coordinate system. 

pu(u T T x + U^) + pvu^riy = P e U e Ue T T x + (pU r jTjy) r |T}y ( 2 .I 9 ) 

Then we substitute (2.17) and (2.l8) in (2.19) 


pu e fr) [ ( u e T fr) + u e f TT) ) T x + u efiyr] T lx^ 


u, 


^rutny 


(n/2t f T + ~j=J T x + f T|*n x | = P e u e u e T T x + ( (J.u e f r)T) riy) T] Tiy 


Substituting r x , r\ x , and rjy from ( 2 . 7 ) and (2.8) and modifying, we 
obtain 


7 — ^ 

Lvpw^w/ 


-77 


J 7 


+ ff ^ + 2 (riHr) (t ' V) = 2T ( f n f Tri - frfTn) 


( 2 . 20 ) 


We can set. 


PM- _ 


pm/(pm)< 


p w^w (p w Mw)/(pm). 
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where (pm) s is the product pp evaluated at the stagnation enthalpy, 
H s t, and at the pressure at the particular t (or x) station of the 
■boundary layer. In addition we introduce the notation 


g = 


PM- 

(pm) s 


gw - 


Pw^w 

(pm) s 


(2.21a) 

(2.21b) 


The type of normalization used for pp is convenient because, even for 
real gases, g will be a slowly changing function of the pressure P, 
and for perfect gases it will not depend on P at all (see appendix A, 
sect. C) . If we normalize the enthalpy by 


we can write 


g = g(h; H st , P ) 
g w = g(hw; H st ,P) 


( 2 . 22 ) 


where hw is the dimensionless wall enthalpy at the r (or x) station 
considered. For a given flow, H s -t will be a constant determined by 
the adiabatic external flow. 

After introduction of g the first term of equation (2.20) becomes 
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The ratio P e /p will be treated in a similar way; we set 

p e _ Ps p e _ 

~ " P^~ “ P s /Pe 

where p s is the density at the stagnation enthalpy, H s -fc, and at the 
pressure at the particular t (or x) station. We set 

— = S(h; H st ,P) (2.24a) 


For perfect gases, S does not depend on P, and for real gases it 
varies only slowly with P (see appendix A, sect. C). With 


5 e - S(h e ; H s -k,P) - 


(2.24b) 


where 


we obtain 


h e = 


He 

Hat 


= 1 




2H st 


Then we can write the momentum equation in the following form: 


(2.25) 


1_ 

S W 


hr l fr m + Sfqriri 


+ ffrjT] + 2 


d Zn u e 
d Zn t 


A _ f 

o. r 


- 2t ( f^f TT | - 


( 2 . 26 ) 


3- Transformation of the Energy Equation 

In transforming the energy equation (2.4), we first write it in 
terms of h. 


UP-y 


Puhx + pvhy = — + (u y ) + ( h y 


Hst Hg-t 


(2.27) 
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Then we introduce the dimensionless stream function, f . 

„ , / \ -i Pe u e uex^T] /UgSh 2 

puef^hx + (pv)h y — + m J (%■) 


Vpst 


+ ( a V 


We now transform to the variables, t, rj, and substitute pv from 
equation ( 2 . 18 ). 


pu e fi-] (h T T x + h T1 r lx ) - (^2 t f T + r x + J2? f^ 


P e u e Ug T T x f' 


Hst 


*1 f u e' 

+ ^ \H st . 


(%) VN ) V 


and Tjy (eq. (2.8)) and 


/ „ -, 2 . 1 /°wPM 'N 

7111 + OV W Vi) 

The last term contains avPw/cp^l-L^ which can be treated like p|_i by 
setting 

q wPI J - = Pm/c = (pn/g)/(p|i/g) s 

q Pw^w fWK [(p w b w )/a w ]/(pp/ff) s 

where (pp/cr) s = p \i/a at the stagnation enthalpy and at the pressure 
at the particular x station of the boundary layer. We introduce 
the function 

m 

As in the case with g 

m = 
m w = 


pm / a 
(pm/p) s 

( 2 . 28 ) 

m(h; H s t,P) 

( 2 . 29 a) 

m(hw; H st ,P) 

( 2 . 29 b) 


We substitute the value of t x (eq. (2.7)) 
rearrange 


2T(fr)hT - h^fq-) - fhn ~ ~ 


2T Pe u e ue T fri 

P^-st 


+ 


Ow^w/ VH s t. 


PM 
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The quantity, m, is normalized in the same way as g. For perfect 
gases we can say that m does not depend on the pressure, and for real 
gases it varies only slowly with pressure (see appendix A, sect. C). 

We can now write the energy equation as 


1 

a-w-niw 




+ fhq 


+ 2 


JL ( Ue2 ^ 
s w V2H st y 



2 


We evaluate Bm/ciq 
and we get 


- 2t 


f^hr - h^f-r 


u e c 


dr V2H st , 


= 0 


as we treated 6g/3r|, using the relation P-q = 0, 



Then we have 


gw 



+ avirvg-wfhri + 2a w m w g 



f Tn 


2 


-2ra w m w g w 


f^hr 


- h^f T + 



d /ue 2 \ 

dT \2H s t/ 



= 0 


(2.30) 


The energy equation can he used in the form (eq_. (2. 30)) above. 
However, the term &/& e is somewhat inconvenient but it can be 
removed if we solve the momentum equation (2.26) for this term and 
substitute back in the energy equation. This is done at the cost of 
making the energy equation somewhat longer than in the form above 
(eq_. (2.30)). With this substitution we obtain 


Sw 


cW\ . 2 

— ) hq + mh^ 


+ 2a-wii]w 




2H s t. 


+ awm^^fhq 
(j)h) + + ‘ f * r l ■^■n'ryq ) + Sw^ri^r) 


- 2Ta w m w g. 


'W 


^f n h T -y T + 2 ^ - J- T x ■q-L TJT, ) - dT 


Up 


(fn 2 fTTi - ^T^n^nn ) + 


d / u e' 


f 3 


We will use the energy equation in the form (2.31)* 


J-° 

(2.31) 
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4. Boundary Conditions 


Equations (2.2 6 ) and (2.31) are a pair of coupled nonlinear 
partial differential equations in the dependent variables, f and h. 

The boundary conditions at the wall are 

f(r,0) = f n (T,0) = 0 ( 2 . 32 a) 

h(T,0) = hw(r) or h^T^O) = H^t) ( 2 . 32 b) 

and for the transition into the exterior flow 

frj ( t, 00 ) = 1 ( 2 . 32 c) 

Up 2 

h(r,oo) = h e ( t ) = 1 - -S— ( 2 . 32 d) 

2H s t 

C. FURTHER TRANSFORMATION OF THE PARTIAL DIFFERENTIAL EQUATIONS 

The momentum equation (2.26) and the energy equation (2.31) as 
given above are valid for both two-dimensional and axisymmetric flows. 

In order to solve equations (2.26) and (2.31)> the body shape and the 
external flow must be known (can be numerical) : r = r(x) and 

u e = u e (x). The transformation from x to t gives: u e = u 6 (t) (can 

be numerical). We can expand the momentum and energy equations in 
series in powers of the longitudinal variable. This series represent- 
ing the flow from the stagnation point will involve fractional powers 
of the variable t (ref. J , p. 322). To avoid fractional powers we can 
make a second transformation to a new longitudinal variable, £ . The 
second transformation will result in a separation of the two-dimensional 
and the axisymmetric cases. 

Near the stagnation point of a blunt body, the first term in the 
expansion of the external velocity is u e = (du e /dx) x _ 0 x. From the 
transformation equation (2-7) we see that near the stagnation point for 
two-dimensional flows t « x 2 and u e « t 1 ^ 2 . For axisymmetric flows, 
t oc x 4 and u e cc t 1 ^ 4 . We than make the second transformation as 


follows . 



1. Two-Dimensional Flows 


For two -.dimensional flows the transformation is t = | 2 and 

S _ d| _S_ _ JL S_ 

St dr S| 2| S| 

Then the momentum (2.26) and energy (2-31) equations assume the 
following forms : 

Momentum equation: 


1 


=w 



h^frj^ 


+ gfiyiyri 


+ ff^ 


^d In u e S, f 6 
\d in | 



Energy equation: 


(2.33) 


=w 


Sm 


^ — hn + mb 


+ 2 a w m w 


,2Hst. 


■lyr] | + o'w^gw^^-'n 

g“') h ^fr|f’'qT) + g(fiqr| 2 + fi^Tyri ) + g^fr^Tyq 


- |CTw m Wgw 


f-Tjhp 


Up 


d A 


u 


e l f 3 


= 0 


^ - h ^ +2 (f ^- ww + 5F w, 

(2.34) 

The transformation from the original equations, (2.1) to (2.4), to 
( 2 . 33 ) and (2.34) could have been made in one step by taking: 


| = ( sgn x) 


,x \l/2 

P w hw u e <3xi 


(2.35) 


n = ~= f p ay ( 2 . 36 ) 

i Jz J o 

2. Axisymmetric Flows 


For axially symmetric flows the transformation used in equa- 
tions (2.26) and (2. 31) is t=| 4 and 

S _ d| 6 _ 1 S 
Sr dT S| 4| 3 S| 
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Then equations (2.26) and (2-31) assume the following forms: 
Momentum equation: 


=v 


5g 

8h 


fy^Tyr] + Sfiyrir) 


1 /d Zn u e 

+ + - — 

^ 2 Id Jn 


6_ 


= | S(V6ri - VW ( 2 -37) 


Energy equation: 


Sv 


h^ 2 + mh^Tj 


+ 2cr- w m w 


u. 


2H st . 


+ a w m w g w fhr) 

+ s(fiyr] 2 + ^ri^iyiyrj) + Sw^rj^rir) 


2 i^w m wgw 


u P 


f n h £ " Vl + 2 " f iVW + ^ (^) V 


= 0 


( 2 . 38 ) 

Again, the transformation from the original equations to (2.37) and 
( 2 . 38 ) could have been made in one step by taking: 


pX \ 1 / 4 

6 = ( sgn x) ( / Pw |J w u e r 2 <3*1 

J o 


ru P 


7 = 


i 2 J2 


y 


p <ay_ 


( 2 . 39 ) 


(2.40) 


3 . Boundary Conditions 


The boundary conditions for the pairs of equations (2.33)> (2.34) 
and ( 2 . 37 )> ( 2 . 38 ) at the wall are 

f(l,0) = fT,(i,0) = 0 (2.41a) 

h(|,0) = hw(|) or hn(i,0) = ^6) (2.4lb) 

and for the transition to the exterior flow: 

fr^i, 00 ) = 1 (2.41c) 

*(S,») = h e (|) = 1 - — ^ — (2.4ld) 

2H s t 
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4. Form of Equations 

We see that in the variables £, T], the two-dimensional and the 
axisymmetric equations are slightly different and will have different 
solutions . In the remainder of this work only the axially symmetric 
case will be considered. 

D. REMARK ON THE MANGLER TRANSFORMATION 

We have shown that the equations for two-dimensional and axisym- 
metric flows are identical in the independent variables T and T) . 
Following the idea of Mangier (ref. 1, p. 190), we can compare body 
shapes for identical flows (in t and t)) for the two cases. Specifi- 
cally, we will check the two-dimensional shape that will correspond to 
an axisymmetric blunt body. To do this we set up two hypothetical 
flows with the same u 0 (t), p (t), and- (-^(t). 

We let : 

x = longitudinal coordinate with axisyrametry 

x = longitudinal coordinate with two-dimensional flow 

Then 


x 

p w q w u e r 2 (x 1 )dx 1 
Pw^w Ue di?1 

So x and x have a one-to-one correspondence at corresponding points 
(same t values). 

For flow around an axisymmetric blunt body we have the external 
velocity distribution: 

u e = a i x + a 3 x3 + a 5 x5 + • • • 
or 

u e = PiT 17,4 + P 3 t 3 / 4 + P 5 t 5/4 + . . . 

For the corresponding two-dimensional body 

% = P w (t)n w (t)u s (t) 




IT 


I 



and 


_ _ r r dTj. 

J 0 P w ^ e 

which yields 

x * CjT 3 / 4 + . . . 

and 

u e * kxx 1 ^ 3 + . . . 

This u e distribution corresponds to a body with a wedge-shaped vertex, 
not a blunt body. In most cases this wedge shape would have to be 
found numerically and it would be tedious . For correspondence in 
supersonic flows the shock wave should be detached from the wedge. 

(This will generally be the case; for a 90° wedge the shock wave will 
be detached for all but the highest free-stream Mach number flows). 

Except in the immediate vicinity of the stagnation point', it seems 
that the Mangier transformation is not of great practical use in making 
a two-dimensional comparison with an axisymmetric blunt body. In any 
case, the Mangier transformation does not give a correspondence between 
a blunt axisymmetric body and a blunt two-dimensional body. This 
result is similar to that found in incompressible flow, where, for 
example, the Homann stagnation -point problem corresponds in two dimen- 
sions to the 90° wedge (ref. 1, p. 190). 
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CHAPTER 3 


DETERMINATION OF THE STAGNATION-POINT EQUATIONS 

The momentum and energy equations (2.37) and ( 2 . 38 ) can he 
expanded in powers of the transformed longitudinal variable , | , as 
illustrated in appendix A. In this chapter we will obtain the 
stagnation -point equations which are of zero order in powers of 

A. REPRESENTATION OF THE GAS PROPERTIES 

In equations (2.2l), (2.24), and (2.28) were introduced dimension- 
less representations of the gas properties, g, 5, m. The functional 
forms of the gas properties will affect the solutions of the boundary- 
layer equations . The gas properties will be represented as polynomials 
in powers of (h - l) . The coefficients in the polynomials will become 
parameters to which we can assign values. 

Ng 

S(hj H st ,P) = 1 + Y (h - l) j (3.1a) 

j=i 

Nm 

T * 

m(h; H st ,P) = 1 + / Ti' (h - 1) J (3-lb) 

j=i 

N8 

B(h; H st ,F) = 1 + ) vf (h - 1) J (3-lc) 

j=i 

The quantities Ng, Nm, NS denote the highest powers retained in the 
polynomial expressions. For real gases, the coefficients g^, m^, 5^ 
will depend on the value of H s -t and they will vary slightly with the 
pressure, P. For perfect gases, there is no dependence on P, and 8 
does not depend on H s t (see appendix A, sect. C). 
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B. EXPANSION OF THE QUANTITIES IN THE MOMENTUM AND ENERGY 
EQUATIONS IN POWERS OF THE LONGITUDINAL VARIABLE 


To "begin , we expand the functions f(|,r|) and h(|,T]) as follows 

00 

fi ^)^ 1 


fU,Tl) = 


XI 


( 3 . 2 ) 


1 — • • • 


h(^ri) 


CO 



i =0,2,4, . . . 


hi(r ))| 1 

i! 


( 3 - 3 ) 


These expansions are even in powers of | because of the symmetry of 
the flow. This is obvious in the case of h. With f we recall that 
f^ = u/u e . The velocity, u, must be odd or even according as u e is 
odd or even, so their quotient is even. Thus, f^ and f must be even 
in |. (it will be seen below that u e is odd in |.) Using the 
notation fj_^^ = [d k fi(T])]/di 1 k , we have 


ah 

drjk 


..(k) 


with corresponding expressions for h. 

It is also necessary to expand the external velocity u e (|) in 
powers of | . 

00 

1 (ax ^ 0 ) ( 3 . 4 ) 

. . . 



The a-j_ will be the parameters that describe the distribution of the 
external velocity from the stagnation point of a blunt body. From con- 
siderations of symmetry of the flow and knowing that u e is zero at 
the stagnation point we see that the expansion for u e must be odd 
in | . 


In the momentum equation ( 2 . 37 ) > "the term 
it is expanded to 


d In u e 
d In ^ 


occurs ; 
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CO 


d In u e | du e | 

d Zn | u e dg f u e ^ V^2H st - 

n/ 2Hs"t- 


1 — 1 ^ 3 ^ 5 ^ ■ • « 


(i - 1)! 


a ± ,i 


1=1, 3, 5, . 


(3-5) 

In the energy equation (2.38), the term u e 2 /2H s -fc can he expanded 
as follows 


u P 


Up 


2H s t \ n/ 2H s t- 

where (see eq. (3*4)) 


^n .n 

r 1 


n 


(3.6) 


n=2,4,6. 


n-i 


h n - 


®T®*n— !T 


(3.7) 


r=i,3,5 . 


n 


and ( ) is the "binomial coefficient. 

. r , 


The wall Prandtl number, cr w , can he expanded in powers of g as: 


OO 



i=o ^2 j 4 ^ • • • 


(3.8) 


Now all the terms needed to expand (2.37) and (2.38) are available. 

We next examine the boundary conditions (2.41) in view of the 
expansions assumed ((3-2) and (3-3) )• For the wall -enthalpy boundary 
condition the expansion is 


hw( | ) 


OO 


i=0,2 ,4, . . . 


hwi „ i 

IT 6 


(3-9) 


where the hwi are constant parameters. For the free -stream enthalpy 
boundary condition we have the expansion 

00 

Mi) = i -l£z = i - I (3 - io> 

IT— 2 ^ 4 ^ 6 j • • • 
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Referring to equations (2.41) and using (3*9), (3*10), the boundary 
conditions for the f and h expansions can be stated as follows: 

At the wall, 


f±( 0 ) = fi l ( 0 ) = 0 

i: 0 , 2, 4, . . . 

(3-lla) 

hq( 0 ) = hwi 

i: 0 , 2, 4, . . . 

(3.Hb) 


and at the transition to the exterior flow, 

f 0 ’ (oo) = 1 and fj_'(oo) =0 i: 2 , 4, 6 , . . . ( 3 . 11 c) 

h 0 (°°) = 1 and hj_(°o) = -bp i: 2 , 4, 6 , . . . ( 3 . lid) 

In the case of a prescribed heat flux, the boundary condition hi' (0) 
will be given instead of ( 3 -lib) 


C. THE STAGNATION -POINT EQUATIONS 


These equations are obtained by considering terms of zero order, 
|°. To write these equations we set | =■ 0 in (2-37) and ( 2 . 38 ). We 
will use the notation, g wo = g(hwo) and m wo = m(hwo) . From (3*5) 

/d to u e \ = 1 
Vd In | ) l= o 

From equations (2.24b), (3-lc), and (3-10) we have: 

* 

5e U=o) = S[lj Hst ' P( ° )] = 1 

Then the zero -order equations are: 

Momentum equation: 


1 

Swo 



+ [g(lio)]f 



fo f o" 


+ \ [S(ho) 


- (f 0 ') 2 ] = 0 

(3.12) 


Energy equation: 


[m(h 0 )]h 0 " + (|:) h ( h o ') 2 + Wiwof’oho' = 0 ( 3 .I 3 ) 

Equations (3-12) and (3-13) are a pair of coupled nonlinear ordinary 
differential equations in f Q and ho . The boundary conditions are 
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given by (3.1l) for i = 0. These are the equations to which we will 
seek general type solutions. The solutions for f Q and ho can be con- 
sidered as valid representations of f and h in the vicinity of the 
stagnation point, the first neglected terms being of order | 2 . 



CHAPTER 4 


THE METHOD OF SOLUTION OF THE STAGNATION-POINT EQUATIONS IN 
TERMS OF THE CONTROLLING PARAMETERS 

In this chapter we will derive the method to he used in obtaining 
universal type solutions to the stagnation -point equations. The 
numerical results will he presented in chapter 

A. THE STAGNATION-POINT EQUATIONS 

At and very near the stagnation point the values of f and h 
become f Q and h Q , respectively (eqs. (3*2) and (3-3) )• These are 
obtained as solutions to the zero -order equations (3-12), ( 3 * 13 ) ■ 

At this point, in order to avoid excessive subscripting we will 
make the following change of nomenclature : 

f 0 = F (4.1a) 

ho = G (4.1b) 

We will introduce polynomials (3-1) into (3-12), (3*13) j and we will 

assume one new relation: 

a wo = a o + CTi(hwo - 1) (4.2) 

Equation (4.2) is an artificial relationship between constants. It 
will be seen subsequently that the use of (4.2) permits the perturba- 
tion of c wo to be combined with that of hwo. The quantity, n Q , is 
the reference value around which a wo is perturbed, and it is the 
wall Prandtl number value used in obtaining machine solutions for 
universal functions, while a± is defined by equation (4.2). It will 
be seen that we will always work with the product cri(hwo - l) which 
remains finite. 
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We now have for the zero -order equations 
Energy equation: 


Nm 


1 + 


ni-i 


(G - 1)' 


L- J = l 


G" + 


Nm 


ni! + 


m 


(j - l) 1 - 


^ (G - 1) J_1 


+ [a Q + ai(hwo - l)i 


J=2 

Nm 

1 + (hwo - 1)' 

0=1 


(G-) : 


fg’ = o (4.3) 


Momentum equation: 


r Ng 


Ng 

1(3 V°- 1)J 1 

g'f" + 

1 + X ?r (G - 1)J 

L j=Z J 


j=i 



Ng 



r is . n 

* 

+ 

1 + \ (hwo - 1) ^ 

L ~ i j • 


FF" - - (F' ) 2 + - 
2 2 

•n> 

1 — l 

1 

O 

•^1 — 
0 \ 

+ 
i — 1 



L j=i 


. 

L j=i J 



(4.4) 

In the new notation the boundary conditions (3.11) are as follows: 

At the wall: 


F(0) = F' (0) = 0 

(4.5a) 

G ( 0 ) = hwo 

(4.51) 

and at the transition to the exterior flow: 

F’(oo) = G(oo) = 1 

(4.5c) 


B. METHOD OF SOLUTION 


We will attempt to set up universal type solutions of (4-3) and 
(4.4) in terms of the controlling parameters; in particular we will 
expand G and F into Taylor 1 s series in terms of (hwo - l) . It will 
be seen below that the effects of all the other parameters will be 
separated out by the perturbation of the one parameter, hwo. 
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In Taylor series form we have 


where 


G(t)) = Gq(ti) + 


Gi(t]) 


H 


(hwo - 1)" 


1=1 


F(ri) = F 0 (tj) + ^ ( hwo - 1 ) 1 

i=i 


Gi(ri) 


l^Gft]) 

dhwo^ ^ 


(hwo=i) 


.(4.6) 


(4.7) 


with a corresponding expression for Fj_(rj). From equations (4.5) we 
can write the boundary conditions for the terms of (4.6) and (4-7) as 
follows : 

At the wall: 


Fi(°) = Fj/ (0) = 0 i: 0, 1, 2, 3, • • • (4.8a) 

G o (0) = Gi(0) = 1 (4.8b) 

Gj_(0) =0 i: 2, 3, 4, . . . (4.8c) 

and at the transition to the exterior flow: 


F 0 '(«=) = 1 

Fi r (co) = o 

i • 1^2,3.? • • • 

(4.8d) 

Go(°°) = 1 

Gi(°o) = 0 

it 1,2,3.? • 

(4.8e) 


The expansion of G and F in powers of (hwo - l ) , around 
hwo = 1, is a regular or nonsingular perturbation. It is a perturba- 
tion around a given boundary condition. The forms of equations (4.3) 
and (4.4) are preserved and no boundary conditions are lost. 

The range of convergence of expansions (4.6) and (4.7) is not 
known a priori . This question will be discussed in chapter 5 in 
connection with the numerical solutions obtained. 
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C. ZERO -ORDER, (hwo - l)°, EQUATIONS 


'To obtain these equations, we substitute expansions (4.6), (4.7) 
into equations (4.3) , (4.4) and set hwo = 1. We obtain: 

Energy equation: 


Nm 


m-: 


1 + ) wf ( G o - 1)' 

l-i ji 

j=i 


G 0 ” + 


Nm 


+ 


m 


J = 2 


(j - I)'- 


J - (G 0 - 1) J_1 


t \2 


(Go’) 


+ OoFoGo’ = 0 (4.9) 


Momentum equation: 
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g x + 


(j - 1)1 


(Go - l ) 13 ' 1 


G 0 'F 0 ” + 


Ug 

1 + I jf (G ° - 
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+ F 0 Fo M - 


! ( v )2 + | 


N5 


1 + 


If (G c 


1)' 


L J=i 


= 0 (4.10) 


The boundary conditions are given in equations (4.8) with i = 0. 

It can be seen by inspection that the energy equation (4.9) has 
the solution 


Go s 1 

We insert (4.1l) into (4.10) and obtain: 


(4.11) 


F 0 m + F 0 F 0 " + | [1 - (F 0 ') 2 ] = 0 (4.12) 

Equation (4.12) with boundary conditions given by (4.8a) and 
the left side of (4.8d) is the Homann equation for the axi symmetric 
stagnation -point problem for incompressible flow. The numerical 
solution of the Homann equation is known (ref. l) . This is the only 
nonlinear equation in the system we are developing. All higher -order 
equations will be seen to be linear. 
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D. HIGHER- ORDER , (hwo - l) 1 , EQUATIONS 


The higher-order equations can be determined by substituting 
expansions (4.6),, (4.7) into equations (4-3) and (4.4) and then 
collecting powers (hwo - l) 1 . An equivalent procedure is to take 
partial derivatives with respect- to hwo, to the various orders wanted, 
of equations (4-3) > (4.4) and then to set hwo = 1. .The equations all 
have the following form: 

Energy equations : 

Gi" + (a 0 F 0 )Gq' = (right side) i: 1, 2, 3, ■ • • (4.13) 

Momentum equations: 

Pi’" + (Po)Fi' - (Fo’)Fi' + (F 0 " )Fj_ = (right side) 

i: 1, 2, 3, • • • (4.14) 

The invariance of the left-hand sides of the equations eases somewhat 
the task of machine programming the solutions of the equations. 

Another point of interest that we observe from (4.8) is that, 
above the first order, all the pertinent boundary conditions are homo- 
geneous. This means that we can always satisfy the boundary conditions 
of the stagnation-point problem when we carry the expansions to, or 
beyond the first order, and then truncate the series. 

Equations (4.13) and (4.14) are written out with their right- 
hand sides in appendix B. The solution for each order depends on the 
solutions of the lower orders. For a given order, the momentum equa- 
tion is coupled to the energy equation, but not vice versa. As seen 
in appendix B, the effects of the parameters appear on the right-hand 
sides of the equations, so the solutions will logically assume a split 
form. 

In obtaining numerical solutions we will use third-degree poly- 
nomial representations for the gas properties, m, g, 5. As seen in 
appendix B, the parameters, mq, g^, Sq, appear progressively with the 
order of the equations. Through the third order the equations have 
been set up in complete form, but the numerical results (ch. 5) 
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will show that some terms can be dropped. Above the third order , only 
significant terms have been retained in the equations (determined by 
comparison with exact solutions). 

E. FORM OF SERIES FOR G AND F 


Solutions of equations (4.12), (4.13) , and (4.14) will yield 
universal functions that can be put into expansions (4.6), (4.7) to 
yield the following form 


(hwo - 1) 
11 


G = 1 + xCr x 

+ [( m i)i^2 + + ( S i ) 3G2 + ( 2 a 1 ) 2 G 1 ] - — — 

+ (higher order terms) 


(4.15) 


F = F 0 + [(gJoFx + (& 1 ) 2 F 1 ] 

+ [ • • • t ( gg ) 4F2 + ( ) 5F2 + (giO'i)aF£ + (BiffxJbPa + . * * ] ~ 

+ (higher-order terms) (4.16) 

The nomenclature j_Gj, qFj represents the ith split function of the 
jth order. It is multiplied by the parameter to which it corresponds, 
as indicated on the right-hand side of its equation in appendix B. A 
letter subscript (e.g., a F 2 ) represents a function that will either be 
dropped or approximated. An exception to this nomenclature system is 
with the term 2 Gi which is a second-order term (see appendix B, 
sect. B). The nomenclature of this term will appear consistent in 
equation (4.17) below. The term 2 Gi has the boundary condition of 
the second-order terms, 2 Gi( 0 ) = 0. 

Using equation (4.2) we substitute (ct wo - cr Q ) for di(hwo - l) in 
the series (4.15) , (4.l6) and we have the more desirable form 
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G = 1 + 


~j ^ 

1&1 + (o'Vo - + 7 (^WO - O’o ) a^3 

D 


+ higher orders in (cr w0 - cr 0 ) 


n 


( hwo - 1 ) 


11 


+ [( m i)iG 2 + (§ 1 ) 2^2 + . • •] — W ° — 1- ( higher -order terms) 

21 

(4.17) 


F = F q + 


1 . ]_ 2 
i F i + g (°wo - cr 0 )a F 2 + g (dwo - ctq) a F 3 


(gi ) 


+ 


1 1 2 
2^1 + — (a w0 - a Q )h F 2 + 7 (cr wo - <?o) b F 3 


(&i) 


+ higher orders in (a wo - cr o) n j" ^ , — 

+ [• • • + (§2)4^2 + (82)5^2 + • . .] LL 

21 

+ (higher -order terms) 


(4.18) 


In obtaining numerical solutions we will restrict the values that 
we will allow a vo to take within rather narrow practical limits 
(O .65 < a wo < 0.80). Comparison with exact solutions will show that 
within any given order of (hwo - l) n , orders of (c wo - cr 0 )^ higher 
than the first can be neglected. In fact, for some of the terms, even 
the first order of (a wo - ct 0 ) produces a negligible effect. 

The series indicated above (egs. (4.17) ^ (4.18)) are written in 
their final form in chapter 5 (eqs. (5.3)> (5-4)). At this point it 
should be mentioned that we will never use the infinite series. We 
will truncate the series, so that actually G and F are represented 
by finite polynomials in powers of (hwo - l)^. 

For the convenience of the reader, in figure 1 are shown the 
derivation of the j_Gj and pFj terms through the third order, and 
the significant (retained) terms are shown for the higher orders. 


30 



Figure 
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1.- Derivation of axisymmetric stagnation -point universal functions. 
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Figure 1.- Concluded. 








F. THE METHOD OF SOLUTION APPLIED TO EQUATIONS OF 
HIGHER ORDER IN POWERS OF | 


A method of determining general solutions to the stagnation -point 
(zero order in |) equations has been explained in this chapter. This 
same procedure of obtaining solutions by expanding in powers of 
(hwo - l)^ can be applied to the equations of higher order in the 
forms of which are given in appendix A. These solutions become 
increasingly complicated, as they depend on the solutions to the 
zero -order (and lower | n order) equations. It is probably more 
practical to obtain solutions downstream of the stagnation point by 
finite -difference methods. The procedure described here will deter- 
mine stagnation -point profiles which can be used as starting values 
for finite -difference methods. 
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CHAPTER 5 


NUMERICAL SOLUTIONS FOR THE STAGNATION -POINT EQUATIONS 

The equations shown in chapter 4 (and appendix B) cannot be solved 
an al ytic al ly. In this chapter we will present the numerical solutions 
to these equations. 

A. METHOD OF OBTAINING NUMERICAL SOLUTIONS 

Equations (4.12), (4.13)., (4.14) (see also appendix B) with 
boundary conditions given by (4.8) were programmed by the author for 
solution on the IBM 7090 digital computer. The solutions to the equa- 
tions were split as indicated in appendix B. All are linear equations 
except the zero -order momentum equation (4.12). The machine computa- 
tion is of such a nature that functions can be generated that solve 
the differential equations provided sufficient initial (wall boundary) 
conditions are known. All of the equations to be solved are accom- 
panied by outer boundary conditions rather than just wall boundary 
conditions. Once a solution is determined that satisfies the outer 
boundary conditions, then sufficient initial conditions are known to 
generate the solution again. 

Because of its nonlinearity and because F 0 and its derivatives 
are in the coefficients and the right-hand sides of the linear equa- 
tions (4.13), (4.14) , equation (4.12), the Homann equation, was solved 
separately from the rest. The procedure in finding the solution was 
to adjust an unknown initial condition, F o "(0), until the outer bound- 
ary condition (left side of eq. (4.8d)) was satisfied. Then the func- 
tion could be generated again using the three initial conditions, 

F o (0), F o ’( 0), F 0 " (O). The purpose of this solution was to accurately 
determine F 0 M (0). Then, in solving the linear equations, the comput- 
ing machine could generate F 0 (t]) and its derivatives as needed for 
solutions with a variable increment size (see sect. B below). For the 
machine computation, infinity was taken as sufficiently realized at 
r) = 10. This seems allowable as F 0 *(t]) approaches unity asymptoti- 
cally as T) becomes large. The selection of q = 10 is explained in 
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appendix C wherein an asymptotic solution of this equation is given. 

The plot of Fq’Cti) is shown in figure 2(a). 

The linear equations were solved for the proper boundary values by 
linear superposition. The complete equations were solved with the 
given initial conditions, and one additional (arbitrary) assumed 
initial condition, qGj'(O) for the energy equations, and jFj n (o) 
for the momentum equations. The homogeneous part of the energy equa- 
tions was solved with the initial conditions, iGj(O) = 0 and with 
pGj'(O) begin given an assumed arbitrary value. The homogeneous part 
of the momentum equations was solved with qFj(O) = j_F i 1 (0 ) = 0 and 
with iFj” (0) being given an assumed arbitrary value. The homogeneous 
solutions could then be multiplied by constants and superposed to the 
complete solutions to obtain the proper boundary conditions at infinity 
(ri = 10). These superpositions provided the correct missing initial 
conditions, qGj^O) and ±F™ (0). The correct solutions could then be 
generated again at will. The superposition method described was pro- 
grammed into the computing procedure. 

Because of their dependence on one another, the equations had to 
be solved in the order in which they are listed in appendix B. Actu- 
ally, all the equations were programmed into the machine simultaneously 
(after having separately determined F 0 " (0) as described above). The 
proper order of solution of the equations was handled by the computing 
machine by letting the program make a number of "passes" through the 
machine. The final pass generated the correct solutions to all the 
equations, with the solutions split into their components. All of the 
solutions approach their boundary condition at infinity asymptotically, 
and the boundary conditions at infinity are adequately represented at 
r| = 10. 

In programming the solutions to the equations, the author was able 
to use an existing subroutine for the integration of a family of second- 
order differential equations. This is "Share" Subroutine RWDE6F con- 
verted to "FORTRAN" language. -This subroutine obtains starting values 
by the Runge-Kutta method, and the main integration is carried out by 
the Livermore Cowell method, which is a predictor -corrector procedure. 
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This subroutine was used directly in the energy equations which are of 
second order. An additional differential equation was paired with each 
energy equation in order to obtain the integral with respect to rj of 
each enthalpy term, (used in calculating y and S* and explained 

in chapter 6). An existing subroutine for integrating third-order 
differential equations was not known to the author, so the momentum 
equations (which are third order) were split into pairs of second-order 
equations in order to use Subroutine RWDE6F . The simultaneous solution 
of a large number of coupled differential equations poses no difficulty 
for the computing machine. 


B. THE NUMERICAL RESULTS 

The universal solutions obtained separate out the effects of the 
parameters of the problem (through third-degree gas -property polynomials). 
The one parameter that cannot be separated out is a Q because it appears 
in a coefficient on the left side of the energy equations (4.13). The 
quantity, cto, can be assigned an arbitrary value as it is the reference 
value around which we elect to perturb the wall Prandtl number, cr wo . 

For the numerical solutions, we are using the value, a 0 = 0.75* 

A number of terms in the series expansions (4.17) and (4.18) are 
affected by the value of the wall Prandtl number, a M0 . We have set 
narrow limits for the variation of this quantity (0.65) < cr W o 5- 0.80), 
and within this limitation we can approximate the universal functions 
that involve a vo (or oi). Each term involving cr-wo can be regarded 
as a modification or perturbation of another term. For example, from 
equation (4.l8) we have the term: 

1 1 2 
1^ 1 + g ( °WO “ a o) 8 -F 2 + g ( °vO ” °0 ) 3-^3 

Comparison with exact solutions will show that the term involving 
(a wo - a 0 ) 2 can be neglected while the term with (cr w0 - c 0 ) can be 
considered as a small modification of the first term, iFi. The func- 
tions, iF! and als, have the same boundary conditions so we can set up 
the approximation 

a F 2 ~ (C) iF 1 
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where C is a constant to be determined. Then we can write for the 
term giving the effect of g 1 : 

[l + C(c%o - a 0 )](g 1 )iFi 

This is the form that will be used in the final writing of the series 
for G and F. This approximation states that the effect of a wo is 
to modify the effective value of the parameter involved (g x in the 
case illustrated) . The accuracy of this approximation was checked by 
comparison with exact solutions as described below in this chapter. 

The constant, C, was adjusted to give accurate values of G'(O) and 
F n (0). This procedure eliminated the need for solving for the univer- 
sal functions containing cTi in the equations in appendix B. The one 
exception is 2 Gi which appears in equation (4.17); 2&1 was solved 
for. This was necessary because 2 G X has a different boundary condi- 
tion than 3 _Gi, so these two terms could not be combined. The term, 

2 Gi, which is actually a second-order term moved to the first order, 
has the second-order boundary condition 2 ^ 1 ( 0 ) = 0 (see ch. 4, sect. E, 
and appendix B, sect. B). 

The universal functions used in the final formulas for G and F 
are shown in figure 2. The components of the dimensionless velocity, 
iF j * , have been plotted rather than j_F j as it is felt that qF j ’ 
is more immediately meaningful. In figure 3 are shown plotted the 
universal integrals (see ch. 6) of the qGj functions, as defined by 
the formula 


04 

ilj = / i^j <3-4! (5-1) 

J o 

In both figures 2 and 3 if is seen that all of the functions approach 
their outer boundary conditions asymptotically. 

Numerical values of the universal functions used are presented in 
table I. The tabulations include the qGj functions, the first and 
second derivatives, and the integrals, ilj, of the iGj functions ; 
the iFj functions with the first, second, and third derivatives are 
tabulated. The machine computes to eight significant figures, but addi- 
tions and subtractions were made in solving the differential equations; 
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therefore it is believed that the results presented are generally 
accurate to five decimal places , as presented in table I. 

All of the universal functions obtained have been recorded on a 
permanent binary tape. The differential equations were originally 
solved with a variable increment size which allows the computing 
machine to determine optimum increments of the independent variable. 

In order to avoid tabulating odd values of tj, the calculations were 
changed to fixed increment sizes for recording on the permanent binary 
tape. The fixed increments were selected to be no larger than the 
variable increments for given values of T) . The smallest increment of 
r| at the wall is 0 . 0025 ; moving out from the wall the increment is 
doubled four times at different rj values so that the largest incre- 
ment is 0.04. Approximately 600 values of t} (with corresponding uni- 
versal functions) are on the permanent binary tape of which a rela- 
tively small portion is presented in table I. 

C. ADJUSTMENT OF HIGHEST -ORDER TERMS 

The series forms for G and F, indicated in equations (4.17) and 
(4.18) can be thought of as truncations of infinite series. The radii 
of the circles of convergence in the complex hwo plane of the various 
terms of the two series are difficult to ascertain, but the principal 
interest is that the two truncated series accurately represent func- 
tions which solve equations (4.3) and (4.4) with boundary conditions 
(4.5). We will adjust the highest-order terms that we retain (for 
each parameter or combination of parameters), and the resultant two 
series can be thought of as Taylor series with remainders. 

From the theory of Taylor series with a remainder (ref. 8, p. 98 , 
ref. 9, p. 14) , we know that the remainder can be adjusted so the 
series passes through a given point. As illustrated in the sketch, we 
can expand the function y = f(x) into a Taylor series around the point, 
x = a. We assume for the present that the series is convergent. We 
imagine the series carried through the second order and having a remain- 
der term. This remainder term is actually an adjusted third-order term. 
This adjustment can be made so that the series passes through the exact 
point, y-j-, . (The series also passes through y a since it is expanded 
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1st order 


v f(b) 


y = f (x) 


y =f( 0 ) 
a a 



3rd order 

2nd order + 
remainder 


2nd order 


around this point.) For the range of x, a < x < t, the fit between the 
second-order series with remainder and the function, . f (x) , will, in 
general, not be exact, but it can be very good depending on how well 
the function, f(x), can be fitted by a polynomial of third degree. The 
illustration given is with the assumption that the Taylor series con- 
verges when a < x < b. Often, the same considerations will apply when 
the point, x = b, is outside the circle of convergence of the Taylor 
series, or when the series is an asymptotic expansion. The principal 
criterion is, again, how well the function, f(x), can be fitted by a 
third-degree polynomial when the coefficient of the third-degree term 
is at one's disposal to adjust. 

The method explained above was used in adjusting the highest-order 
terms in series of the type (4.17) > (4.18). Practical extremes of 
(hwo - 1) and the various parameters were selected; and the highest- 
order terms were adjusted so that the series solutions matched the 
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exact solutions of equations (4.3) and (4.4) for these extreme condi- 
tions. After the adjustments were made to the highest -order terms, 
moderate combinations of (hwo - 1) and the parameters were then 
selected and the matchings of the adjusted series solutions with the 
exact solutions were checked. This will be explained below in more 
detail. 

It is probably desirable to list the steps in a rigorous method 
of adjustment of the highest- order terms (although this procedure was 
not actually used) . In the sketch above it should be recognized that 
the variable x corresponds to the product of (hwo - 1) and some com- 
bination of parameters. The sketch can be thought of as illustrating 
the adjustment for one particular value of the variable, q . Of course, 
this adjustment must be made for all values of iq, or (as is probably 
obvious) the adjusted highest-order terms are functions of T] . In a 
rigorous adjustment of the highest-order terms, one would first assign 
practical extreme values to (hwo - l) and the parameters. One would 
then obtain exact solutions to equations (4.3) and (4.4) for these con- 
ditions. Next, one would evaluate the series of type (4.17), (4.18) 
through one order less than the highest order to be used. Finally, -one 
would subtract the next to highest order evaluations from the exact 
solutions. The differences obtained would give the adjusted highest- 
order terms. The series with adjusted highest-order terms could be 
checked against the exact solutions with moderate combinations of 
(hwo - l) and the parameters. 

The method that was actually used to adjust the highest-order 
terms was an adjustment on these terms as numerically calculated 
(table I). The method was simply to multiply each highest-order term, 
and j_Fj, by a constant. The constants were determined by matching 
the wall derivatives, G*(0) and F"(o), with those obtained from exact 
solutions of equations (4.3), (4.4). The possibility of using this 
method comes from the fact that for a given parameter, the curves of 
related universal functions shown in figure 2 have approximately simi- 
lar shapes. As an example, in figure 2, we can compare the curves for 
iFi* , iF 2 * , and x^*, which are all connected with the parameter g 1 . 
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and we can see that the shapes are roughly similar. We can surmise 
that terms of higher order connected with g x would continue to have 
approximately this shape., or, if the higher-order terms would he lumped 
into one remainder term, it would have this same approximate shape. So 
it seems likely that a reasonable remainder term can be obtained if 
]F 3 is multiplied by a constant. The "rigorous” method previously 
described is exact at the conditions for which it is calculated, but 
it, like the method actually used, can only be a good approximation 
at conditions other than those for which calculated. 

1. Exact Solutions 

In order to adjust the highest -order terms in our expansions, we 
need exact solutions of equations (4.3) and (4.4) with boundary condi- 
tions (4.5). In. obtaining exact solutions, selected values of the gas 
property parameters were inserted into (4.3) and (4.4). A selected 
value of hwo was inserted in equations (4.3) and (4.4) and also in 
the boundary condition (4.5b). In programming the solutions, the 
third-order equation (4.4) was split into two second-order equations in 
order to use an existing subroutine (the procedure described in 
sect. A). The procedure used in starting the solutions was to guess 
the "missing" initial (wall) conditions, F"(0) and G 1 (0), and run the 
case through to the outer boundary (t] = 10). A systematic procedure of 
incrementing or decrementing the initial conditions, f"(o) and G 1 (0), 
was used until the two outer boundary conditions (4.5c) were "bracketed" 
(last two trials gave values greater and less than the correct outer 
boundary conditions). Both initial conditions were adjusted simul- 
taneously as it was found that while the equations interact with each 
other, equation (4.3) is most sensitive to G*(0) while (4.4) is most 
sensitive to F”(o). It frequently happened that one equation found a 
bracket while the other was still incrementing toward its bracket. 
Further incrementing of the second initial condition sometimes resulted 
in the first equation being thrown out of its bracket as a result of 
interaction, so this contingency had to be provided for. When both 
outer boundary conditions were bracketed, linear interpolation was used 
to determine a new pair of initial conditions, and the increment sizes 
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on the initial conditions were reduced. The above described increment- 
ing procedure was then repeated until new brackets were found. This 
procedure was repeated as many times as needed with decreasing incre- 
ment sizes until the outer boundary conditions were satisfied to six 
decimal places. The simple routine described above was programmed, so 
that the final answers were obtained as output in one machine opera- 
tion. Most cases were handled in from 20 to 40 "passes.” One "pass" 
required about 15 seconds of machine time. 

2. Adjustment of Highest -Order Terms Not Involving cr wo 

In order to determine the values of the constant multipliers of 
highest -order terms not involving cr wo in bhe ^ ^ expansions, a 

number of exact solutions of equations (4.3) and (4.4) were obtained 
with cr wo = a Q - O .75 (or cxi = 0 which is the same thing) and with 
hwo = 0 (an extreme value).* The extreme values of the gas property 
parameters were selected as values that would more than encompass the 
range of air properties for a flight Mach number of about 10. The 


values selected are 


!!]_ = - 1.0 

m 2 = 1-5 

m 3 = -4.5 

( 5 . 2 a) 

fei = -1-5 

g 2 = 2.0 

g 3 = - 6.0 

( 5 - 2 b) 

Si = 1.0 

5 2 = - 0 . 4 

s 3 = 1.2 

( 5 . 2 c) 

These parameter values were 

inserted in 

equations (4-3), 

(4.4) in 


various combinations, and the constant multipliers in the series expan- 
sions were determined by matching the wall derivatives, G* (0) and F"(0), 
between the exact and the series solutions. With the values of the 
constants inserted in the G and F expansions , comparisons were made 
between exact solutions and series expansion solutions using hwo 
values of 0.2 and 0.5- This gave comparisons of answers under condi- 
tions different from those used to determine the constants. The values 
of the constants determined by the procedure described are shown below 

in section D, equations (5*3) and (5*4). 

~ *The use of hwo = 0 does not imply that we expect to physically 

realize this value in a boundary layer. It is a mathematically con- 
venient extreme value to be inserted into equations (4.3)> (4.4), 
and (4.5b). 
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The comparisons of the values of the wall derivatives obtained 
from the exact solutions and those obtained from the expansions are 
summarized in table 5-1. Parameters listed for a case have the values 
listed in table 5-1; the other parameters for a particular case are 
zero. The underlined values of the calculated wall derivatives are 
those for which the constants were adjusted to make the calculated 
derivatives equal to the exact derivatives (at hwo =0). In some 
cases both G* (0) and F"(0) are underlined which means that two con- 
stants were determined. In other cases (e.g., case m x ) ; only one 
derivative is underlined which means that only one constant was avail- 
able for adjustment. 

Of the cases listed in table 5-l> the largest error seen is 
2.5 percent which occurred in two cases, case m 3 and case m. 2 ,m 3 . 

Most of the comparisons are within 1 percent. This is thought to be 
a very satisfactory check. It was not necessary to check the cases 
at hwo = 1. All cases check exactly at this wall enthalpy value 
since the perturbation is made around hwo = 1. 

The cases listed in table 5-1 were compared throughout the bound- 
ary layer. Plots were made comparing the exact and calculated values 
of G(r)) and F^r)) for the cases listed at the three hwo values used. 
As examples, the plots of several cases are shown in figure 4. The 
&x case (figs. 4(a-c)) shows the effect of one parameter. Two con- 
stants were determined for this case (underlined in table 5-1)- It is 
seen that the agreement throughout the boundary layer is very good. 

The guSi case plotted in figures 4(d-f) shows the effects of a 
combination of two parameters. Two constants were determined for this 
case, and again the agreement is very good. 

In the latter part of table 5-1 are shown some cases involving 
combinations of parameters for which no constants were determined (not 
underlined). Constants could have been determined for these cases, 
but the terms associated with the constants were dropped in order to 
keep the G and F series to reasonable lengths. The terms were dropped 
on the basis of having only a small effect on the wall derivatives. 

This could be expected to possibly produce larger errors away from the 
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TABLE 5-1.- COMPARISON OF WALL DERIVATIVES WITH W ALT, 


PRANDTL NUMBER FIXED 


°Vo — (To - 0-75 


Case 

hwo 

G'(0) 

exact 

G'(0) 

calculated 

F"(0) 

exact 

f’’(o) 

calculated 

No 

parameters 

0 

.2 
• 5 

0.1+8311958 
. 386I+9586 
.24155979 

O.I+83II958 

.38649566 

.21+155979 

0.92 r 

768005 

O.927 

68005 


0 

.2 
• 5 

.1+21+06521+ 

.341+8 

.2223 

. 42406524 

•3419 

.2202 






0 

.483I+I+722 

. 1+8344722 

.84740213 

.84740213 

Sr 

.2 

.3867 

.3868 

.8550 

.8656 


• 5 

.2417 

.2417 

.8712 

.8792 


o 

. 1+1+01+6294 

. 1+4046293 

.55851770 

.55851769 

Si 

.2 

.3603 

• 3601 

.6375 

76373 


• 5 

.2319 

.2317 

• 7506 

.7505 


0 

.42336594 

.42336594 

.8493 

.8474 


.2 

.3444 

• 3417 

.8565 

.8656 


• 5 

.2221 

.2202 

.8719 

.8792 


0 

.38565439 

.38565439 

.5610 

.5585 

mi,S x 

.2 

.3209 

•3177 

.6394 

.6373 


• 5 

.2132 

.2109 

.7515 

.7505 


0 

. 43670058 

. 43670058 

. 47699449 

. 47699448 

Si 

.2 

• 3584 

• 3582 

. 5646 

• 5751 


• 5 

.2314 

.2314 

.6942 

.7023 


0 

.3808 

.3809 

.4786 

.4770 


.2 

.3183 

.3153 

.5663 

• 5751 


• 5 

.2125 

.2104 

.6954 

.7023 


0 

.409311+41 

. 409311+1+2 

.92768005 

.92768005 

mg 

.2 

• 3425 

73487 

. 92768005 

.92768005 


• 5 

.2285 

.2323 

. 92768005 

.92768005 


0 

.1+855 

.4831 

.82045738 

.82045737 

§2 

.2 

.3879 

.3865 

.8453 

78591 


• 5 

.2420 

.2416 

.8865 

.9009 
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TABLE 5-1.- COMPARISON OF WALL DERIVATIVES WITH WALL 
PRANDTL NUMBER FIXED - Continued 
°wo = °o = 0-75 


Case 

hwo 

G'(0) 

exact 

G’(0) 

calculated 

F”(0) 

exact 

F"(0) 

calculated 


0 

0.47884533 

0.47884533 

O.877OH86 

O.877OII85 

5 2 

.2 

• 3843 

.3843 

.8953 

•8953 


• 5 

.2410 

.2410 

.9151 

.9150 


0 

.4083 

.4096 

.8479 

.8474 

™2 )Ex 

.2 

.3420 

.3490 

.8553 

.8656 


• 5 

.2284 

.2325 

.8712 

.8792 


0 

• 3727 

.3667 

.5651 

.5585 

m 2 j> & i 

.2 

.3191 

.3223 

.6415 

•6373 


• 5 

.2193 

.2225 

.7517 

.7505 


0 

.4251 

.4241 

.8238 

.8205 


.2 

• 3455 

.3419 

.8476 

.8591 


• 5 

.2225 

.2202 

.8873 

.9009 


0 

.4200 

.4198 

.8762 

.8770 

m-1^2 

.2 

• 3427 

•3397 

.8949 

•8953 


• 5 

.2217 

.2196 

.9150 

.9150 


0 

.4847 

.4834 

.80711266 

.80711265 

g x ;g 2 

.2 

.3875 

.3 868 

.8220 

75312 


• 5 

.2419 

.2417 

.8514 

.8608 


0 

.4788 

.4792 

.79642401 

•79642401 

gljS 2 

.2 

• 3844 

• 3846 

.8225 

75330 


• 5 

.2411 

.2412 

.8585 

.8665 

g 2 > 

0 

.4382 

.4405 

.45526707 

.45526706 


.2 

.3598 

.3601 

.5581 

• 5707 


■ 5 

.2320 

.2317 

.7105 

.7242 


0 

.4341 

.4362 

.49905285 

. 49905287 


.2 

• 3574 

•3579 

.6012 

.6004 


• 5 

.2312 

.2312 

.7371 

• 7367 


0 

.4878 

• 4831 

.79256256 

.79256256 

gs 

.2 

.3890 

.3865 

.8389 

.8585 


• 5 

.2420 

.2416 

.8996 

.9108 
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TABLE 5-1.- COMPARISON OF WALL DERIVATIVES WITH WALL 
FRANDTL NUMBER FIXED - Continued 
o' -wo cr Q = 0.75 


Case 

hwo 

g’(o) 

G’(0) 

f"(o) 

f”(o) 

exact 

calculated 

exact 

calculated 


0 

0.48025849 

0.48025849 

0.88735514 

0.88735513 

5 3 

.2 

.3853 

.3853 

.9071 

.9070 


•5 

.2414 

.2414 

.9227 

.9226 


0 

.39541513 

.39541513 

.92768005 

.92768005 

m 3 

.2 

• 3422 

• 3506 

. 92768OO5 

.92768005 


• 5 

• 2333 

.2361 

.92768OO5 

.92768005 

St ; Sp 

0 

.4347 

.4834 

.8227 

.8239 

Si = -0.75 

.2 

.3875 

.3867 

.8401 

.8452 

g 2 =1-5 

•5 

.2419 

.2416 

.8711 

.8771 

Si,5 2 

0 

.4446 

.4458 

.5805 

• 5796 

&! = 0.8 

.2 

.3634 

.3637 

.6632 

.6624 

s 2 = -0.4 

• 5 

• 2333 

.2333 

• 7737 

•7734 


0 . 

.4362 

.4376 

. 51167579 

.51167579 

5 1^83 

.2 

.3587 

.3589 

.6146 

.6140 


• 5 

.2316 

.2316 

.7452 

.7450 


0 

.4866 

.^34 

.77085440 

.77085441 

S t y Sp ) Sp 

.2 

.3886 

.3868 

.7956 

TOTS 


• 5 

.2422 

.2417 

.8400 

.8503 


0 

.4861 

.4834 

.79130612 

.79130612 

Si,S 3 

.2 

.3881 

.3868 

.8174 

.8288 ' ' ' ' 

• 5 

.2420 

.2417 

.8573 

.8673 


0 

.4880 

.4831 

.76129792 

.76129793 

82*63 

.2 

.3894 

.3865 

.7990 

78148 

• 5 

.2424 

.2416 

.8664 

.8864 


0 

• 4759 

.4760 

.8361 

.8367 

8 2 ,5 3 

.2 

.3831 

.3831 

.8746 

.8746 


• 5 

.2409 

.2408 

• 9101 

.9100 


0 

.42960535 

.42960535 

.4508 

.4522 

&i^5 2 ,6 3 

.2 

• 3558 

• 3559 

• 5779 

• 5771 


• 5 

.2310 

.2310 

.7317 

.7312 
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TABLE 5-1.- COMPARISON OF WALL DERIVATIVES WITH WALL 
PRANDTL NUMBER FIXED - Concluded 
°wo = °o = °*75 


Case 

m.x,rk=,ra. 3 , 

&U&2 

mi, mg, m 3 , 
Sl,S 2 ,&3 

hwo 

0 

.2 
• 5 

0 

.2 

•5 

G'( 0 ) 

exact 

G'(0) 

calculated 

F rt (0) 

exact 

f”(o) 

calculated 

0.3253 

.2839 

.2015 

0 . 3211 
.2789 
.2001 

0.5071 

. 6065 

.7391 

0.4991 

.6004 

.7367 

.3211 

.2824 

.2013 

•3145 

.2769 

.1999 

•4553 

.5820 

.7336 

.4522 

.5771 

.7312 


0 

. 3I+86 

.3478 

.4426 

.4407 

m l , m 2 

.2 

• 2977 

.2942 

.5367 

.5427 

S 2 ,°i 

■ 5 

.2052 

.2037 

.6771 

.6843 


0 

.3224 

.3206 

.4125 

.4044 

^■1 ) ^2 ) ^3 ) S y 

.2 

.2827 

.2787 

.5141 

.5161 

&2. ’ ^>3 > ^ 1 

• 5 

.2014 

.2001 

.6669 

.6739 


0 

.3153 

.3163 

.3477 

• 3446 

mi,ma,m3,g 1: , 

.2 

.2796 

.2765 

• 4758 

.4790 

&2 > &3 ’ ^ 1 > 

• 5 

.2007 

.1996 

.6531 

.6601 


Note: Quantities underlined have Been matched with exact values "by 

adjustment of constants . Parameters not listed are zero for 
a particular case. 


Values of parameters unless otherwise shown: 


m.! = -1.0 

= -1-5 

5 X = 1.0 

m 2 = 1.5 

g 2 = 2.0 

= • 4 

m 3 = -4.5 

g 3 = -6.0 

63 = 1.2 
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wall "because, as seen in figure 2, the universal functions reach their 
asymptotes at different rates and at different values of r]. The most 
extreme case listed in table 5-1 is m.i,m. 2 ,m 3 ,g 1 ,g 2 ,g 3 ,& 1 ,B 2 ,&3 in 
which all the parameters have their extreme values. This case, with 
hwo = 0 , is shown in figure 4(g). It is seen that where the curve 
"bends to reach its asymptote there is an error in F 1 of about 4 per- 
cent. This case, with all parameters simultaneously taking their 
extreme values, and hwo = 0 is actually more severe than we contem- 
plate for applications of the method (examples in ch. 7) and more 
extreme than we will have for flight Mach numbers up to 10 . The 
errors at a distance from the wall that we will have in applications 
are typified in figures 7 and 11 (cases described in ch. 7)- The 
errors, due to dropping small terms and to truncations of the G and F 
series (see fig. l), go to zero as hwo approaches unity. The &i 
and g!,Bx cases as plotted in figure 4 are typical of the accuracy 
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obtained in cases for which constants have been determined. On the 
whole, the checks shown in table 5-l> a few examples of which are shown 
plotted in figure 4-, are considered to be quite satisfactory. 

3 • Method of Adjusting a w0 Terms 

The method of determining the constant multipliers of the highest - 
order cr wo terms in the G and F expansions is essentially the same 
as that described in the previous subsection for the terms not involv- 
ing a wo * A number of exact solutions of equations (4.3) and (4.4) 
were obtained with various combinations of gas-property parameters, 
various values of the wall Prandtl number, a vo , and with hwo = 0. The 
purpose was to determine which terms in the series for G and F have 
any significant dependency on a wo - These terms with the constants 
evaluated are seen below in equations (5-3) and (5-4). 

The constants were adjusted to match the G* (0) and F"(0) of the 
exact solutions for a value of o wo = 0 . 70 , hwo = 0 , and with the gas- 
property parameter values shown in equations ( 5 . 2 ). Then comparisons 
were made with exact solutions by considering c % 0 values of 0.65 
and 0.80 for hwo =0. A few cases were also checked with hwo =0.2 
and 0.5. Comparisons of the wall derivatives for these determinations 
and checks are shown in table 5-2. As in table 5-l.> 'the underlined 
values represent wall derivatives for which a constant was determined 
to match the value of the derivative given by the exact solution. 

Table 5-2 gives a survey of the effects of cr wo on the wall 
derivatives G* (0) and F"(o). The table shows that our first-order 
perturbation of the effect of a vo is very good. In the cases listed 
for which a constant was determined at c% 0 = 0.70 (underlined), the 
errors in the same derivative at c% 0 values of O .65 and 0.80 are due 
to departures from linearity of the effects of a wo . We have set 
limits for the values of a vo at O .65 < a wo < 0.80, because O .65 and 
0.80 are the values we used in checking against exact solutions. The 
results shown in table 5-2 suggest that these limits could -be extended 
somewhat. However, these limits encompass the range of cr wo values of 
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TABLE 5-2.- COMPARISON OF WALL DERIVATIVES WITH VALUES 
OF THE WALL ERANDTL NUMBER 
a wo = 0.65, 0.70, 0.75, 0.80 












TABLE 5-2.- COMPARISON OF WALL DERIVATIVES WITH VALUES 
OF THE WALL PRANDTL NUMBER - Continued 
0 WO = 0.65, 0.70, 0.75, 0.80 


Case 

a \TO 

hwo 

G* (O) 
exact 

G’(0) 

calculated 

F"(0) 

exact 

F M (0) 

calculated 


0.65 

0 

0.3449 

0.3454 

O.92768OO5 

O.92768OO5 


.70 



.35461786 

.35461783 





•75 



.3638 

^3638 






.80 



• 3726 

• 3730 






.65 



• 4577 

.4584 

.8515 

.8514 


.70 



. 47091208 

. 47091206 

.84941414 

.84941413 

Si 

•75 



.4834 

74834 

.8474 

.8474 


.80 



• 4954 

.4960 

.8455 

.8454 


.65 



• 4595 

• 4579 

.821)8 

.8247 

62 

.70 



.4728 

.4705 

.82255814 

.82255813 

•75 



.4855 

.4831 

.8205 

.8205 


.80 



.4976 

• 4957 

.8185 

.8184 


.65 



.4616 

• 4579 

.7971 

.7969 

S3 

• 70 



.4750 

.4705 

.■ 79474424 

.79474424 

• 75 



.1)878 

.4831 

.7926 

.7926 


.80 



.5001 

• 4957 

.7905 

.7904 


.65 



.4589 

.4584 

.8127 

.8126 

Si; 62 

.70 



.4721 

.4709 

.80984925 

.80984925 

• 75 



.4847 

.1)834 

.8071 

.8071 


.80 



.4967 

.4960 

.8045 

.8044 


.65 



.4601 

.4584 

• 7970 

.7969 

61 .>83 

.70 



• 4734 

.4709 

.79408304 

.79408304 

• 75 



.4861 

.4834 

.7913 

.7913 



.80 



.4982 

.4960 

.7887 

.7885 



• 65 



.4618 

.4579 

.7676 

.7674 

Sp jg 3 

.70 



• 4752 

.4705 

.76435109 

.76435110 

• 75 



.4880 

.1)831 

.7613 

77613 



.80 



.5002 

.4957 

.7584 

.7582 



• 65 



.4606 

.4584 

• 7775 


•7773 



.70 



• 4739 

.4709 

.77408756 

.77408757 

•75 



.4866 

.4834 

.7709 

■ 7709 



.80 



. 4986 

.4960 

.7678 


.7676 
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TABLE 5-2.- COMPARISON OF WALL DERIVATIVES WITH VALUES 
OF THE WALL ERANDTL NUMBER - Continued 
a wo = 0.65, O.7O, 0.75, 0.80 


Case 

°Vo 

hwo 

G’(0) 

exact 

G* (0) 

calculated 

. f"(o) 

exact 

F"(0) 

calculated 


O.65 

0 

0.4156 

0.4163 

0.5470 

0.5475 


.65 

.2 

•3^3 

• 3405 

.6288 

.6285 


.65 

•5 

.2192 

..2194 

• 7454 

.7450 


.70 

0 

.42835946 

. 42835945 

.55301907 

. 55301908 

°1 

•75 

0 

.4405 

74505 

• 5585 

.5585 


•75 

.2 

.3603 

.3601 

• 6375 

.6373 


• 75 

•5 

.2319 

.2317 

.7506 

.7505 


.80 

0 

.4521 

.4526 

.5637 

.5640 


.65 

0 

•4531 

.4536 

.8752 

• 8753 

Si 

• 70 

0 

.4663 

.4662 

.87613608 

.87613607 

°2 

• 75 

0 

.4788 

.4788 

.8770 

.8770 


.80 

0 

.4909 

.4915 

.8778 

.8779 


.65 

0 

.4544 

.4550 - 

.8857 

.8858 

5 3 

.70 

0 

• 4677 

.4676 

.88657984 

.88657983 

• 75 

0 

• 4803 

.4803 

.8874 

78875 


.80 

0 

.4923 

.4929 

.8881 

.8881 


.65 

0 

.4094 

.4120 

.4851 

. 4856 

5 i^8 2 

.70 

0 

.4221 

.4241 

.49234293 

.49234296 

• 75 

0 

.4341 

.4362 

.4991 

• 4991 


.80 

0 

• 4457 

.4483 

• 5053 

.5058 


.65 

0 

.4115 

.4134 

.4981 

. 4986 


.70 

0 

.4241 

• 4255 

. 50514187 

. 50514190 

• 75 

0 

.4362 

• 4376 

.5117 

.5117 


.80 

0 

.4478 

. 4497 ' 

• 5177 

.5182 


.65 

0 

.4014 

.4018 

.8536 

.8514 


.65 

.2 

• 3264 

.3238 

.8604 

.8688 


.65 

.5 

.2105 

.2085 

.8749 

.8812 

• 75 

0 

.4234 

.4234 

.8493 

.8474 


• 75 

.2 

• 3444 

• 3417 

.8565 

.8656 


• 75 

•5 

.2221 

.2202 

.8719 

.8792 


.65 

0 

.3600 

.3603 

• 4715 

.4700 


.65 

.2 

.3012 

.2981 

.5614 

.5695 


.65 

•5 

.2012 

.1989 

• 6932 

.6988 


• 75 

0 

.3808 

.3809 

.4786 • 

.4770 


• 75 

.2 

.3183 

• 3153 

.5663 

• 5751 


• 75 

•5 

.2125 

.2104 

.6954 

.7023 


.80 

0 

.3905 

•3911 

.4817 

.4805 
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TABLE 5 - 2 .- COMPARISON OP WALL DERIVATIVES WITH VALUES 
OF THE WALL PRANDTL NUMBER - Concluded 
°Vo = °>65.> O.7O, O.75, 0.80 


Case 

a wo 

hwo 

* G’(0) 
exact 

G'(0) 

calculated 

F"(0) 

exact 

F"(0) 

calculated 


0.65 

0 

0.2926 

0.2926 

0 . 2826 

0.2888 


.65 

.2 

.2628 

• 2595 

.4451 

.4497 


.65 

•5 

.1898 

.1885 

.6457 

.6514 

§ t ) Sp ? § p y 

•75 

0 

.3096 

.3098 

.2921 

.2978 

8 1 ; &2 ) 83 

•75 

.2 

.2777 

.2746 

.4503 

• 4557 


•75 

•5 

.2005 

.1994 

• 6475 

.6546 


.80 

0 

•3176 

.3183 

.2962 

.3023 


• 65 

0 

.4125 

.4127 

.4700 

.4700 

§ 1?°1 

•75 

0 

.4367 

.4367 

.4770 

.4770 


• 65 

0 

• 4123 

.4127 

.4021 

• 3999 

& 2_ ? ^2 * 

• 75 

0 

.4366 

• 4367 

.4066 

.4044 


.80 

0 

.4479 

. 4487 

.4085 

.4067 


• 65 

0 

.3987 

.4018 

.2856 

.2888 

£=>2 J&3 * 

p 9^. 9k 

• 75 

0 

.4228 

.4258 

• 2950 

.2978 

0 1 } 02 > °3 

.80 

0 

• 4341 

• 4379 

• 2991 

.3023 

mi,m.2,m 3 , 

.65 

0 

.3054 

• 3035 

• 4083 

• 3999 

gu& z ,& 3 , 

• 75 

0 

• 3224 

• 3206 

.4125 

.4044 

81 

.80 

0 

•3304 

.3292 

• 4143 

.4067 


.65 

0 

• 3642 

• 3649 

• 5493 

• 5475 

m l^ 0 l 

• 75 

0 

.3857 

.3857 

.5610 

.5585 


.65 

0 

.4049 

.4054 

• 4345 

• 4367 

°1; 02^03 

• 75 

0 

.4296 

.4296 

.4508 

.4522 


Note: Quantities underlined have "been matched with exact values at 

a wo = 0*70 by adjustment of constants. Parameters not listed 
are zero for a particular case. Values of parameters are as 
listed in table 5-1- 
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gases in which we might have interest, so these limits can he considered 
as practical values. Almost all errors in table 5-2 at c% 0 i 0-75 are 
less than 1 percent. The largest errors are in case m 1 ,xn 2 ,m 3 ,g 1 ,g 2 , 
g 3 ,5 1 ,S2,&3 (2.2 percent at a wo = 0.6^ and 2.1 percent at cr wo = 0.80) 
and in case m 1 ,m2,m3,g :L ,g2,g 3 ,5i (2.1 percent at cr wo = 0 .65 and 
1.8 percent at cr wo = 0.80). Even these errors are not mainly due to 
the a wo perturbation because almost the same errors exist for these 
cases with a wo = cr 0 = 0.75* 

As was done with the data for table 5-1* plots were made of the 
table 5-2 data comparing exact and computed values of G(t]) and F'('q) 
throughout the boundary layer. The plots of several cases are shown in 
figure 5- At hwo = 0 and a wo = 0.70 are shown plots of three cases 
for which constants were determined: the m x case (fig. 5(a)), the 

g x case (fig. 5("b))> and the 8 X case (fig. 5(c))* It is seen that 
the agreements shown are very good. In the m x case the F'(t]) curve 
is not shown since both the exact and calculated solutions are pre- 
cisely the Homann function. In figures 5(d) and (e) are shown the 



Figure 5* - Comparison of exact and calculated values of G and F' 

with variation of cr wo . 


65 



and F 
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case with hwo = 0 and with the a wo values 0.65 and 0.80. 

It is seen that the agreement is still good for these ct wo values even 
though the constants were determined for o wo =0.70. In figure 5(e) 
some error can he seen where the F 1 curve bends over to its asymptote. 
This is due mainly to the dropping of small terms from the F series 
(all terms that would involve m.j_ were dropped from this series; see 
fig. 1(b)). In the most extreme case with all parameters taking their 
extreme values, the errors at the different cr wo values are about the 
same as shown in figure 4(g) for 0 WO = a 0 = 0.75- la all cases the 
errors decrease to zero as hwo approaches unity. On the whole , the 
checks obtained for 0 WO f a O) as shown in table 5-2 and typified by 
the plots in figure 5; are considered to be very satisfactory. 

D. FINAL SERIES FORM OF SOLUTIONS 

With the constant multipliers given their numerical values, and 
with a Q = 0*75, we write the series for G and F in final form: 

G = 1 + [jGi + 1.0231772 6(0 WO -0.75) 2 Gi](hwo -1) + {[1 + O.3O9Ol832(0 wo 
- 0.75)](m 1 ) 1 G 2 + [1 - 2. 42190802 (0 WO - 0.75) 3 (g^e ' 

+ [1 + 0. 29146138 (0 WO - 0 • 75 ) 3 ( 5 X ) s G g } 1 } ■ + {0 . 52193773 ( mi 2 ) 1G3 

+ 0.24383382(m lgl ) 2 G 3 + 0. 40200776(g 1 s ) 3 G 3 + 0.70153983(g 1 &i)4G 3 
+ 1.3280404(6i 2 ) 5 G 3 + 0.60 40720 5 (m 1 5i) 6 G 3 + [O.60669608 
+ 0.3 5169961 (0 WO - 0.75)](m2)7G 3 + 1. 0182513 ( 82 ) 8 G 3 [ — 

+ {[0.61202131 + O.35211282(0 WO - 0.75) 3 (m 3 ) x G 4 + [0.22173048 
+ 0. 13045010 (0 WO - 0.75)3(m 1 m 2 ) 2 G 4 + 1.01272912(& 3 ) 3 G 4 f 

+ {[0.22546289 + 0.13187 495 (ct to - 0.75)3(m 1 m 3 ) 1 G 5 } (hV ° 1 ~ 0 l) 

+ {[0.26063754 + 0. 15291739 (cT wo - 0.75)3(m 2 m 3 ) 1 G 6 } ~ h ~ 

+ {[0.07210034 + 0. 04275391 (c wo - 0.75)3(m 1 m 2 m 3 ) 1 G 7 
+ 62l.9886774(BiB 2 B 3 ) 2 G T ( - ( - v - ° q ~ q 1)7 (5-3) 
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F = F 0 + \[1 + 0. 210230^7(a wo - 0.75)](g 1 )iFi 

+ [1 - 0. 32104920 (ct wo - 0.75)](Si) 2 F 1 }(hwo - 1) 

+ + (61^1)2^2 + (5! 2 ) 3 F 2 

+ [0.53^15792 + 0. 20930977 (Owo - 0.75)](g 2 )4F 2 
+ [1.0079927 - 0. 34845525 (awo - 0-79)](5 2 ) 5 F 2 } (hw ° ~ 

+ { 0 . 4i44j 166 ( g x 3 ) 1.F3 + i. 3743224 (s 1 3 ) 2 f 3 
+ 0.5172066l[ (g 1 2 S 1 ) 3 F 3 + (g 1 8 1 2 ) 4 F 3 ] 

+ [0.11^73715 + 0. 06116220 (c%o - 0.75)](g 1 g 2 ) 5 F 3 
+ 0. 62726245 (g 1 5 2 ) 6 F 3 + 0. 33313689 (gsSjyFs 
+ [1.5242090 - 1. 16268794( avo - 0.75) ](Si& 2 ) si's 
+ [0.54408038 + 0. 1757 0 032 (cr wo - 0.75)](g 3 ) 9 F 3 

+ [1.0055625 - O.38666553(a wo - 0.75) ](& 3 )ioF 3 } — W - ° ~ — 

6 

+ {[0.15281523 + 0. 05479625 ( a wo - 0.75) ] (gig 3 ) 1^4 
+ [1.4873902 - 1. 18676619 (a wo - 0.75) ] (8 2.83)2^4} (hV ° 2 ~ - - L) -" 

+ {[0.19177545 + 0. 06207212 (a wo - O.75)] (g 2 g 3 ) 1F5 }■ (hvQ 1 ~ 0 1) ~ > 

+ {[0.039081277 + 0. 01338353 (a wo - O.75) ] (g 1 g 2 g 3 ) iF s |- (hv ° 7 ~ Q l) 

(5-4) 

Equations (5*3)? (5*4) are the working formulas giving solutions 
to equations (4. 3); (4.4) with boundary conditions (4.5). The agree- 
ment shown in tables 5-1 and 5-2, and typified by the plots in fig- 
ures 4 and 5, forms the justification for representing solutions to 
equations (4.3)> (4.4) in the form of the two series given, with the 
parameters of the problem serving as coefficients in the series . The 
limitation on the validity of the series solutions is that the gas 
properties should be representable by third-degree polynomials (dis- 
cussed further in sect. E, below, and appendix D) . The values of the 
gas -property parameters, mi, gj_, Si, can be outside the range of values 
listed in equations (5.2), but the actual terms in the gas -property 
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polynomials (e.g., (mj_/i!)(G - l) 1 ) are limited in magnitude and 
should have the sign for which the adjustments of constants were made. 
The magnitude limitation of the gas -property polynomial terms is 
obtained "by using the values of the parameters listed in equation (5.2) 
and setting G = 0 in the gas -property polynomials. This limitation, 
then, corresponds to the values of the gas -property polynomial terms 
for which the constants were adjusted. (These limitations are tabu- 
lated in table E-l. ) The value of the wall Prandtl number is expected 
to be in the range O .65 < cr W o < 0.80. Normally, hwo should not be 
greater than unity (heated wall case), as the constants were adjusted 
for hwo - 1 = -1 (see sect. C.2 above). Slight departures from the 
limitations may be allowable if thq highest -order terms in equations 
(5.3), (5.4) are small. 

For given values of hwo and the gas -property parameters (a wo ^ 
mi, m 2 , m 3 , g 1 , g 2 , g 3 , Si, 6 2 , S 3 ) the values of G(rj ) and F(ri ) can 
be obtained through the boundary layer if the tabulated values given in 
table I for j_Gj and jFj are substituted into formulas (5-3)^ (5.4). 
The values of the derivatives with respect to t} through the boundary 
layer, G* (r]), G"(t]), F’(t]), F"(t}), F m (r)), can also be obtained from 
(5.3), (5.4) by use of the tabulated derivatives of the universal func- 
tions. Equations (5.3), (5-4) (and the derivatives) have been machine 
programmed for easy solution, the inputs being hwo and the gas- 
property parameters, with the universal functions being input from the 
permanent binary tape on which they are stored. 

The values of the wall derivatives, G*(0) and F"(0) are of special 
interest. Using equations (5-3) and (5-4) for these derivatives, and 
substituting the values of the wall derivatives of the universal func- 
tions, iGj'(O) and- i F j"(0), we obtain: 
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G’(0) = [-0.148311958 - 0. 2525308 (a wo - 0.75) ] (hwo - 1) + {[0.223994149 
+ 0.0692184 (ct wo - 0.75) ]m x + [ -O.OOIOO63678 + 0. 00243733 (cj wo 

- O.75) ]g x + [-0.071784467 - 0 . 0209224 ( 0 WO - 0.75) ]&i{ 

+ { -0.31765746m! 2 + 0.00 41077 599mig x + 0. 00 11390 400 g x 2 

- 0.0l6360000g!5! + 0. 040586460s 1 2 + 0.025474740mi&! 

+ [0.29522068 + O.1711384(ar wo - 0.75) ]m 2 

- 0. 0641137448 2 } - 1 - ^— + {[0.46775706 + 0.26911360(0^, 

- O.75) ]m 3 + [-0.65240416 - O.38 3827 20 (a w0 - 0.75)]mim 2 

- 0.057221883} (hV ° ^ 1)4 + {[-1.2168304 - 0. 71173333 (a wo 

- 0 .75) ]m x m 3 } (hw ° g ~ 1)5 + {[-4.79284906 - 2. 81198933 (c%o 

- 0.75)1^3} ^ hW ^ g ~ 1 ^- + {[22.462033 + 13* 319488 (a wo 

- 0.75)]m 1 m 2 m 3 - 39.0835208 X S 2 S 3 } — (5-5) 


F"(0) = O.92768OO5 + { [ -0 . 12760662 - 0. 02682680 (c% 0 - O.75) ]g x 
+ [0.34254127 - 0. 10997260 (a wo - 0.75)]Bx}(hwo - 1) 

+ {0. 23707 484g 1 2 - 0.0047159l87g!Si - 0. 0419469368 x 2 
+ [-0.10722267 - 0. 04201520 (avo - O.75) ]g 2 + [0.25334096 
- 0. 087578(0^0 - O.75) ]S 2 } ( hwo g - + {-o.27658l67g x 3 
+ 0.00878l9495g x 2 5 x - 0.0059559956g x 8 x 2 + 0. 0338856608a. 3 
+ [0.13386640 + 0.05504720(a wo - 0.75)]g x g 2 + 0.00309920g x 8 2 


- 0.0119l6l20g 2 S x + [-0.13194960 + 0. 10065300 (a wo - 0 . 7 5 ) ] 8 X S 2 
+ [-0.13511749 - 0. 04363360 (a w0 - O.75) ]g 3 + [0.20162455 

- 0.077530(a w o - O.75) ]S 3 } ^ hv ° 6 ~ 1) - 3 - + {[0.21072395 

+ 0.07556l07(a wo - 0.75)]g x g 3 + [-O.13033960 + 0. 10399600 (a^o 

- 0 . ■ 7 5 )1 5 x & 3 } ^ hTO + {[0.75958040 + 0.2458 5 400 (a wo 


°.T5)] g2S3 ( (hW ; 2 o ~ + 


0-75) ]g X g 2 g 3 } 


(foi 


1 ) £ 


{[-2.24481120 - O.768744(a wo 


720 


(5.6) 
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The machine programming of the derivatives of equations (5*3) and (5.4) 
includes the programming of equations (5*5) and (5*6). 

The constants in equations (5-3 ) , (5-4), (5.5); and (5*6) are 
shown as delivered hy the computing machine with eight "significant 
figures" or decimal places. These are the numbers used hy the comput- 
ing machine for the solution of equations ( 5 - 3 ) ^ (5-4), (5*5); and 
(5-6) with the universal functions being input from the permanent 
binary tape. For hand computations, the constants can be rounded off 
inasmuch as the universal functions are rounded off to five decimal 
places in table I, and it appears certain that more decimal places are 
not meaningful (see discussion in sect. B above). A further rounding 
off may be used when one considers the accuracy of results required and 
the accuracy shown in tables 5-1 and 5-2. 

E. REPRESENTATION OF THE GAS PROPERTIES BY POLYNOMIALS 

To solve a problem by means of the formulas given in this chapter, 
it is necessary to know the gas-property parameters, mq, g-j_, 6q, pref- 
erably through the third order. As an aid to our discussion we will 
rewrite equations (3.1) in the G notation as third-degree polynomials. 

m(G) = = 1 + m 2 (G - 1) + ( G _ l) 2 + M ( G _ i) 3 ( 5 . 7a) 

(pM-/a) so 2 6 

g (G) = 9E . . = 1 + gl (G - 1) + §1 (G - l) 2 + §1 (G - l) 3 (5.71) 

( PM*) so 

S(G) = ^ = 1 + Si(G - 1) + ^ (G - 1) £ + ^ (G - l) 3 (5.7c) 

There are several ways of determining the gas -property parameters . 
If the gas -property data are known only numerically, a least squares 
fit can be used to determine the parameters (the coefficients in the 
third-degree polynomials). Another method is to force each polynomial 
to pass through four selected points (one point being (l, 1)). This 
involves the simultaneous solutions of three linear algebraic equations. 


72 



If the gas properties are known analytically, it may he desirable 
to expand them into Taylor series to the third order about (l, 1). 

This will determine the first two coefficients in each polynomial. The 
third coefficient can be determined if the third -order Taylor coeffi- 
cient is adjusted to give the best fit to the data (truncating the 
Taylor series). Whichever method is used to determine the gas -property 
parameters, the polynomials obtained should be plotted to compare with 
the data they are supposed to represent. Up to flight Mach number 
values of about 5 in the earth's atmosphere, the gas properties can be 
very well represented by third-degree polynomials. At Mach numbers 
around 10, the representation can be considered to be fairly good. 

Some examples of this are given in chapter J. 

The values of the gas -property parameters listed in equations (5-2) 
and used in obtaining the results shown in tables 5-1 and 5-2 have been 
given signs which correspond to realistic gas properties. It is pos- 
sible to use a coefficient with a sign opposite to the signs listed in 
equations (5-2) to pass a polynomial through a discrete number of points, 
but this is not desirable (and probably would not give the best repre- 
sentation of the gas properties). It is preferable to determine 
another polynomial by a different choice of points. In table E-l are 
listed the allowable ranges of all the gas -property parameters (which 
depend on the value of hwo). The use of parameter values outside of 
the allowable range (on either end) should only be permissible when the 
highest-order term involving the parameter is small relative to the 
other terms in the series for G and F. 

As has been indicated above, there are several reasonable ways of 
fitting polynomials to the gas properties and they can result in some- 
what different combinations of coefficients in the polynomials. The 
question arises as to what effects the use of different polynomials can 
have on the final answers. This is discussed in appendix D. 

The results in appendix D show that our calculated answers are not 
very sensitive to the shapes of the gas -property polynomials used. 

Also the answers are not much affected by small errors in the wall 
values of the several gas properties. The matching of the gas 
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properties by polynomials will normally be much closer than the spread 
of the polynomials imposed in appendix D. The results in appendix D 
indicate that any errors in final answers due to imperfect representa- 
tion of gas properties should not be more than a few percent. Equa- 
tions (5.3) , ( 5 . 4 ), (5.5) , (5*6) have large terms which are independent 
of the gas properties. Also, the sensitivity of final answers to the 
polynomials selected falls to zero as hwo approaches unity. 

F. APPROXIMATE EXTENSION OF THE SERIES SOLUTION 
TO HIGHER ORDERS 

The method we have used to form our series -type solutions as given 
in equations ( 5 * 3 ) and ( 5 * 4 ) can be extended to higher orders of 
(hwo - 1 ) if desired. Such solutions would allow the gas properties to 
be represented by polynomials of higher than third degree, and this 
would provide better representation of the gas prpperties at high free- 
stream Mach numbers. 

It is possible to obtain approximations to the higher-order terms 
without solving new equations for higher -order universal functions. It 
is seen in figure 2 that the -universal functions which are connected 
with the same type of parameter (mq, gq, 8j_ and combinations) have 
approximately the same shapes. As an example we can see in figure 2 
that the curves for iFx' , xF 2 ' , iF 3 ' , 4F 2 ' , 9F3' (which are connected 
with the parameters g x , g^ 2 , g 1 3 , g 2 , g 3 , respectively) all have 
roughly the same shape; similarly, the curves for 5F 3 ', 1F4 , 1F5' , 
iF 6 ' (connected respectively with parameters g L g s , g ± g 3 , g a g 3 , g 1 g 2 g 3 ) 
have about the same shapes (in some cases with the sign reversed); this 
type of approximation for the other functions shown in figure 2 is seen 
to be fairly consistent. So if, for instance, we wanted to approximate 
a new function a F4 (connected with the parameter g 4 ), we would guess, 
that it would have the same shape as g F 3 (parameter g 3 ), and we would 
take 

a F 4 = (C) 9 F 3 
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where C is a constant to he determined by matching the wall value of 
F"(0) for a selected value of g 4 (and hwo) against the wall value 
obtained from exact solutions to equations (4.3) and. (4.4). This is 
just the method that we used in truncating the highest -order terms for 
which we determined the universal functions. The author checked this 
type of approximation for a number of cases. An example case used the 
parameter values m 3 = -4.5, c % 0 = cr 0 , the other parameters equal to 
zero, and hwo assumed the three values shown in table 5-1. In the 
approximation, ^4 (parameter m 3 ) was taken as 

1G4 = ( C ) 7G 3 

( 7 G 3 has the parameter mg). Values of G for this case were deter- 
mined from the approximate 1 G 4 , and the exact 1 G 4 , and were plotted 
against r] through the boundary layer. Differences in the plots in 
this and in other cases checked were scarcely discernible. The wall 
derivatives, of course, were exactly matched. 

The approximate method outlined for extending the series solutions 
to higher orders may occasionally be of value when it appears that 
higher- order polynomials are needed to fit the gas properties. However, 
an indefinite extension of this kind would seem generally not to be 
warranted in order to obtain a good polynomial fit to the gas properties 
at high free-stream Mach numbers (say 10 and above), since our method 
of series solutions does not account for time -dependent chemical 
effects, and these assume increased importance at the higher free-stream 
Mach numbers . 



CHAPTER 6 


INVERSE TRANSFORMATIONS AND DETERMINATION OF 
QUANTITIES OF INTEREST 

In chapter 2, we transformed the "boundary -layer equations from an 
x,y to a £,t] coordinate system for the axisymmetric case. In chap- 
ter 3 we obtained the stagnation -point equations (3. 12), (3-13), and 
in chapter 4- we rewrote these equations in the form (4.3), (4.4). 

These equations are valid in the immediate vicinity of the stagnation 
point since F and G are the zero order of the f and h expansions 
(3.2) and (3.3)j "the first terms neglected being of order | 2 . In 
this chapter we will specialize the coordinate transformations (2.39) 
and (2.40) to the vicinity of the stagnation point. Then we will 
invert the specialized transformations, since in many problems one will 
want to recover the physical coordinates. Also, there are certain 
physical quantities and coefficients which are normally defined and 
written In terns of untransformed variables. These will be set up in 
terms of tj and the dependent variables, F,G. 

A. INVERSE TRANSFORMATIONS 
1. Transformation for x 

In the vicinity of the stagnation point we have 

/3u e \ 

W/( x=0 ) 

r(x) « x 


^ p w^w)(®) “ (pn)wo 

We substitute the values into equation (2.39) ? integrate, and obtain 



(6.1) 


7 6 



Using equation (3-4) we can write 

/ du e N 


u e 


dx 


(x=o) 


x ~ s/ 2H st a ii 


(6.2) 


Then for the inverse transformation from | to x in the vicinity of 
the stagnation point we have the following forms : 


x = 


1 f x /due 
4 wo ( dx. 


- 

-1/ 4 

\x=o)- 

£ = 


1 / X f due 

4 ( p ^) so g wo ( ax 


(x=o)- 


-l/4 


( pu) so g WO a l n/ 2 ^-st 


-1/3 


(6.3) 


The relationship between (du e /dx) ( x=0 ) and a x can be obtained by 
equating the second and third bracketed quantities in (6.3). 


due 

dx 


(x=o) 


I (p^) so S W o a i 4 ( 2 H st ) 2 


1/3 


(6.4) 


By equating the first and third bracketed quantities in equation (6.3) 
and by using (6.4) we can obtain the following additional relations 
between (du e /dx) ( X _ Q ) and a i‘ 


(ph) so^wo 

n/~ 2 a 1 2 (2H st ) 


1/3 


(pd) 


wo 


( Pd) cnS- 


SO & WO 


2(du e /dx) ( x =o) J 2 (du e /dx)( x=0 ) 


(6.5) 


2/3 


77 ( p ^) so Swo a iN/ 2H st 


1 Im ^ 


7 WO 


dx 


(x=o) 


I /(pp)sogwo 


(x=o) 

(6.6) 


These relationships will be useful in the work to follow. 
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2. Transformation for y 


We can specialize equation (2.40) for the vicinity of the 
stagnation point hy using (6.1) and we obtain 

2(du e /dx)^ x 
(p^SO^WO 

The first term neglected in equation (6.7) is in x 2 . 

We can easily invert equation (6.7) to obtain 


pj 


(6.7) 



y 


soSwo/ 2 Pso( dUe /fe)( x=0 ) (l/p so ) J(p^) vo /2(due/&)( x= o) 


y 


(i/p so )[(pp) so S wo /n/ 2 a 1 2 (2H st )] 


1/3 


6(G)dT), (6.8) 


The denominator in the third term of equation (6.8) was obtained from 
the first term of (6.5). Equation (6.8) can be integrated numerically 
after the profile of G(r]) has been determined. This integral has 
been machine programmed to be calculated at the same time the G 
profile is obtained. Equation (6.8) is the general working formula 
for the transformation from rj back to y. Two special cases will 
be described next. 


3. Determination of y for Almost Perfect and 

Perfect Gases 

We will define an almost perfect gas as one having a linear 
relationship between the reciprocal of the dimensionless density, 5 (G), 
and the dimensionless enthalpy, G, over the range of interest. This 
means that 62 = 63 = 0 and 

^AP = 1 + S X (G - 1) = (l - S-l) + S-lG ( 6.9) 
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For perfect gases (thermally and calorically perfect) , &! = 1 and we 
have 

5 p = G (6.10) 


For the almost perfect gas case, the integral in equation (6.8) 
becomes 


on 04 

/ 5 Ap (G)dri 1 = (1 - &x)t] + / G(ti Jd^ (6.11) 

'-'o ^ o 

We can substitute for G in equation (6.11) its series expansion form 
(eq. ( 5 . 3 ) )• Then we will have a summation of integrals of the univer- 


m 


sal functions, j_Gj • These are our universal integrals, ilj, defined i 
equation (5*1), tabulated in table I, and shown plotted in figure 3- 

We now specialize equation (6.8) for the calculation of y (in the 
vicinity of the stagnation point) for almost perfect gases as follows: 
y AP 


J PsoS-^q/^Pso ( Gug/dx ) 


o) 


y 


AP 


y AP 


( 1 /p so )J(p^)wo/ 2 ( du e/ <te )(x=o) ( 1 /p so )[(p^) so g W o/^ 2 ax 2 (2H st )] 


1/3 


= ri + (S 1 )[ 1 I 1 + 1 . 02317726 (a wo - 0 . 75 ) 2 Ii](hwo - 1 ) + (&! 

+ 0.3090 1832 (a wo - 0.75) jl 2 + [1 - 2. 42190802 (a wo - 0.75)](g 1 ) 2 I 2 
+ [1 + 0. 29146138 (a wo - O.75) ](5 1 ) 3 I 2 | (hV ° g - X) -- 
+ ( &i){0. 52193773 (m^Kls + 0.24383382(m lSl ) 2 I 3 + 0. 40200776( gl 2 ) 3 I 3 
+ 0. 70153983 (g 1 S 1 ) 4 I 3 + 1.3280404(B 1 2 ) 5 I 3 + 0. 60407205 (m 1 B 1 ) s I 3 
+ [0.60669608 + 0.3 5169961 (a wo - 0.75)3(m 2 ) T I 3 \ ^ hv ° g ~ 1 ) . 

+ (6x) {[0.61202131 + 0.3 5211282 (a wo - 0.75)](m 3 ) 1 I 4 + [0.22173048 
+ 0.130 450 10 (a wo - 0.75)](m 1 m 2 ) 2 I 4 } (hw ° g ~ + (Sj {[0. 22546289 

+ 0.13187 495 (a wo - 0.75)](m 1 m 3 ) 1 I 5 J (hw ° g ~ + (Bj {[0. 26063754 

+ 0. 15291739 (a wo - 0.75)](m 2 m 3 ) 1 I 6 } (h ^° g ~ X) + (&i){[0. 07210034 

+ 0.0427539l(a wo - 0-75) ] (m^nis) x I 7 l (hV ° ~ 1) - ■ (6.12) 

’ 5040 
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For the perfect gas case we calculate y-p by inserting B x = 1 in 
equation (6.12) which is a working formula that can he used in place of 
equation (6.8) for the transformation from r) hack to y for almost 
perfect and perfect gases. This equation has also heen machine pro- 
grammed with the jlj inputs taken from the permanent binary tape. For 
hand computations the constants in the equation can be rounded off (see 
ch. 5, sect. D) . Equation (6.12) contains terms corresponding to equa- 
tion (5-3) (except for terms with S 2 or 63 which are zero). Selected 
parameter values can make some of the terms either zero or negligibly 
small; approximate values can often be hand calculated using only two 
terms . Except for the first term, the sum of the terms on the right 
side of equation (6.12) usually reaches its asymptote at a small r) 
value. In figure 8(a) are shown curves obtained by solving equation 
(6.12). The establishment of linearity between y and q means that the 
sum of terms mentioned has reached its asymptote, and compressibility 
does not then affect the y,q relationship. 

B. PROFILES OF pv, p, AND v REAR THE STAGNATION POINT 

We have a general formula for the pv profile (eq. (2.l8)) in the 
variables t and tj . For the axisymmetric case, we substitute e = 1 
and t = £ 4 into equation (2.18) and obtain 

pv „ -(|f. + 2f ) ■€ ( ^sU)6hl>uer _ 1%^ (ga3) 

£ 4| 2 r 

From equation (2.4-0) we know that q Is even in x and q x = 0 at the 
stagnation point. We specialize (6.13) to the vicinity of the stagna- 
tion point using r « x, u e « (du e /dx)/ _ >x, and equations (6.3) and 

\X— o ; 

(6.6). We obtain 
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Equation (6.14) is -valid in the vicinity of the stagnation point, the 
first term neglected being a term in £ 2 . 

For the density profile we return to the definition of S 
(eq. (2.24a)) specialized to the stagnation point 


P 


p so 

S(G) 


(6.15) 


For almost perfect gases we have from equation (6.9): 

Pso 


** (1 - Si) + BjG 

For perfect gases we set = 1 in equation (6.l6) and obtain pp 


( 6 . 16 ) 


For the transverse velocity profile near the stagnation point we 
have from equation ( 6 . 15 ): 

V = (py)5(g) . (6.17) 

Pso 

Using equation (6.14) we can write (6.17) as 


-v 

(2 s /2/p so )[(l/4)(pq) so g wo a 1 N /2H st ] 2/3 


-v 

( 1 / p so) s/ 2 ( p P-)wo^ <3 - u e/ <ix: ^ (x=o) 

= = fs(g) (6.18) 

2 PsoSwo/ Pso) (d-Ue/^O ( x =o) 

The quantity, v, is, of course, even in |, the first neglected term in 
equation (6.l8) being of order | 2 . For almost perfect gases we sub- 
stitute equation (6.9) into ( 6 . 18 ) and have for the right-hand side of 
equation (6.l8): 

FS^ = [(1 - 50 + 6 X G]F (6.19) 

from which we calculate v^p. For perfect gases we set 8x = 1 in 
equation ( 6 . 19 ) and obtain Vp. 
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C. QUANTITIES AND COEFFICIENTS OF INTEREST 
1, Displacement Thickness, 


We write the definition of displacement thickness : 



In the variable, rj, we have: 


pu ^ 
P e u e/ 




( 6 . 20 ) 


s* 





(6r)/6y ) 


( 6 . 21 ) 


We now specialize equation (6.21) to the vicinity of the stagnation 
point, making use of equation (6.J). We recall that at the stagnation 
point, p = p Also we change the upper limit of integration from 
infinity to A, where A is a value of t} at, or beyond, the outer 
edge of the boundary layer, such that = 1 and p = p e to within the 
accuracy desired. We obtain: 


S* - 


1 / (pt-OsoSwo 

3 so J 2(du e /dx) ( x=0 ) 


.A 


6(C)di ll - F(A) 


( 6 . 22 ) 


From equation (6.8) we see that the first term of equation (6.22) is 
y(A) , which is as it should be. The form of equation (6.22) is a sub- 
traction of two quantities after integration of the two terms in equa- 
tion (6.20). With accurate integration routines this should be as 
accurate as the procedure of first subtracting in (6.20) and then 
integrating. 

Analogous to our forms of equation (6.8) we write 


5* 

(x=o) 

&*_ 

(VPso) J(pu) W o/2(au e /dx)( x=o) 


(l/p 


so ) [ ( PM’) so 


S* 

^o/s/2 a 1 2 (2H st )] 


1/3 


pA 

= J &(G)dri 1 - F(A) (6.23) 
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Equation (6.23) is our general working formula for 5* in the vicinity 
of the stagnation point, the first neglected term being a term in | 2 . 
This equation has been machine programmed using A = 10. For hand com- 
putations, one obtains F(a) using equation (5-4) and tabulated values 
of j_Fj in table I. For the integral term, one uses table I and equa- 
tion (5-3) to obtain the G profile, thence the 6 profile; the inte- 
gration can be performed by numerical means. 

As in our determination of y, we can specialize the calculation 
of 5* for the almost perfect and perfect gas cases (see eqs. (6.9) 
and (6.10)). For the almost perfect gas case, the right side of equa- 
tion ( 6 . 23 ) becomes 

p A nA 

/ 5 Ap (G)d7 ll - F(A) = (1 - SjA + 8a. / GdT ll - F(A) (6. 24) 
J O J o 

The integral on the right side of equation (6.24) is a summation of our 
j_Ij integrals (5-1), using the form of equation (5*3)* Using the 
value, A = 10, and the j_Ij(lO) and qFj(lO) from table I, we can write 
the specialized formula for the almost perfect gas case 
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y^so&vroT^P s o ( ^ u e ) ( X=Q ) 

c* g* 

_ S AP = °AP 

(l/p so ) J ( wo /2( dUe/dxT (x=D ) (l/p so )[(pn) soSwo / J2 ai 2 (2H st ) ] l/3 

= 0.8045506 + {[-0.062542936 - 0. 01314843 (a wo - 0.75) ]g a + [0.9672229 

- 0.57 496903 (a wo - 0.75)]5 1 }(hwo - 1) + {[-0.29148217 - 0.09007333(a wo 

- 0.75) ]m 1 8 1 + [-0.027311875 + 0. 03347037 (a wo - 0.75) ]g 1 5i 

+ 0.120661388^ + [-0.07742036 - 0.04550108(a wo - 0.75) ]5 X 2 

+ [-0.05836155 - 0. 02286897 (a wo - 0 . 75 ) ] b b \ 

+ {o.42222879m 1 2 & 1 + 0.01236733m 1 6 1 £ + 0. 00946378m 1 g 1 &i+ [ -0.40057177 

- 0.23 221006 (a w0 - 0.75)111125! - 0.l4509049g 1 3 + 0.03050273g 1 2 6 1 

- 0.00904079g 1 6 1 2 + 0. 047020205 x 3 + [0.07293180 + 0. 02999028 (cr wo 

- 0.75) ]g x g 2 - 0.00701285g 2 5x + [-O.O7886198 - 0. 02546696 (a wo 

- O.75) ]g 3 } £ — ■ ~ + {[-0.65220130 - 0. 37522948 (a wo - 0.75)]m 3 5 1 

+ [0.88748589 + 0.5 2213 220 (a wo - 0.75)]m 1 m 2 6i + [0.12060935 

+ 0.0432479lO wo ' 0-45) lgig 3 j- + {[1.68444624 

+ 0. 98524535 (crwo - 0.75)]m 1 m 3 6 1 + [0.45202969 + 0 . 14630883( cr wo 

- 0.75) ]g p gol ( + {[6.67832064 + 3.9l820519(a w o -0.75)3111211135! 

2 3) 120 6 

+ [-1.32688310 - 0.45 439610 (a wo - 0.75)]g!g 2 g 3 } ■ 

+ {[-31.28731960 - 18. 55268985 (a wo - 0.75)3mim 2 iri35x} lL 

1 5040 (6.25) 

Equation (6.25) is the working formula for the determination, for the 
almo st perfect gas case, of 6* in the vicinity of the stagnation 
point. For the perfect gas case, 6p* is determined by setting 6 X = 1 
in equation (6.25). This equation has also been machine programmed. 
For han d computations the constants in the equation can be rounded off 
(see ch. 5, sect D) . As with equation (6.12), combinations of 



parameter values can make some terms in equation ( 6 . 25 ) either zero or 
negligibly sm^Ll (for hand calculations). In figure 8(a) are shown 
some typical values of 5* calculated from equation (6.25) (with a 
slightly different normalization) . 


2. Coefficient of Local Skin Friction 


To obtain the coefficient of local skin friction in terms of our 
transformed variables, we begin by writing the shear equation 


T 



( 6 . 26 ) 


We transform to |,t] coordinates using equation (2.40). 
use of equation ( 2 . 21 a) for g(hj H s t,P) and obtain 

(pM.) s gru e 2 


T = 




^]T 1 


We also make 


(6.27) 


where, according to our nomenclature, (p,u) s is (pp) evaluated at 
H s t and at the pressure of the particular | station. At the wall 
we have 


T w - 


(p^)sSw ru e S 

f 42 


-T]T) 


( 1 , 0 ) 


( 6 . 28 ) 


We see that t and T w are odd in |, having the value zero at the 
stagnation point (obvious from symmetry). 

The coefficient of local skin friction Is the wall shear normalized 
with a dynamic pressure. We will first normalize with the dynamic pres- 
sure, q^, obtained from the velocity and density at the outer edge of 
the boundary layer. 



(6.29) 


\T 




Substituting equations (6.28) and (6.29) in (6-30), w e obtain 


Of e - 


'/2p s gwrS(h e ) 


ti rn 


( 6 ,o) 


( 6 . 30 ) 


(6.31) 
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The coefficient, Cf e , becomes infinite at the stagnation point as 
l/|£|. (At this point the local Reynolds number based on x or ^ is 
zero.) The singularity can be removed by taking the product of C fe 
and the square root of the local Reynolds number. The Reynolds number 
based on local values at the outer edge of the boundary layer is 


Re = 


u e p e x 

Re 


( 6 . 32 ) 


We see that Re is even in x or £. We form the dimensionless quantity 


Cfe •s/le - Cf e 


/u e P e x -/I n s g^rSChg) /u e p e ~x 


L T]T) 


(1,0) 


(6.33) 


The product, Cf e ,jRe, as written is even in £ . With some simplifica- 
tion we have 


V 

Cf e >v/Re 


•Jz S w r 
I 2 . 


u e(pM) s x 
g(h e ) • 


fflTj ( S, 0) 


( 6 . 3b) 


It is sometimes preferred to evaluate the coefficient of local 
skin friction in terms of a wall property dynamic pressure as follows: 


^w = g 


Pw u e 


(6.35) 


Cfw = ? ( 6 - 36 ) 

^w 

We substitute equations (6.28) and (6*35) in (6.36) and obtain 

Cfw = f„„(t,o) (6.37) 

Again, we will remove the singularity at the stagnation point by 
multiplying Cf w by a local Reynolds number, Rw, based on wall prop- 
erties for this case. 


neP^x 

Rw = — 

Mw 


(6-38) 
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Then we have 


. — / u eP^ n/2 p^r /u^p^x , , 

Cf ' r ' /1S - C fw J -JJ— = —J—XL f^(e,o) (6.39) 

With a slight simplification we have 

CfwN/Rw = ^ 2 - r - Ju e (pM.) s S w x ^(£,0) (6.40) 

The product, Cp w ,J Rw, is, of course, even in £ or x. 

We will now specialize equations (6. 3*0 and (6.40) for the 
vicinity of the stagnation point. We make use of equation (6.1), and 
we recall that near the stagnation point r » x, u e s (du e /dx) ( x _ 0 ) x , 
g(h e ) = g(l) = 1. We obtain: 

^^=2^/2 ^F"(0) (6.41) 

C fw ^=2^2F"(0) (6.42) 

Equations (6.4l) and (6.42), valid in the region of the stagnation 
point, are the zero orders in £ of the expansions of equations (6.34) 
and (6.40), respectively; the first neglected terms are of order £ 2 . 

3. Heat -Transfer Coefficients 

The rate of heat transfer per unit area by conduction in the 


boundary layer in the 

y direction, Q, is given "by 



n -i St 

Q = -k — 

Sy 

(6.43) 

Using the relation 


ii 

o 

ts 

e 

(.6.44) 

we have 


n k SH 

Q ' ' 

(6.45) 

We transform (6.45) to 

|,tj coordinates using equation (2.40). 

We 


eliminate Cp and k by the relation a = Cpp/k, and we insert 
m(h; H st ,P) as defined in equation (2.28), so that we have 
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i 

A 



(6.46) 


Q= 


pjA mr|u e |H st i 

— s m N 




where (pn/a) s is evaluated at H s t and at the pressure of the g 
station. The value of Q is principally of interest at the wall 
since there it denotes the rate of heat transfer per unit area of wall 
from the wall into the boundary layer. For the rate of heat transfer 
at the wall, Q w , we write 

DVrlue ]H s t 


^w 


py. 

a 


a 2 ^ 


hn(a,0) 


(6.47) 


In equations (6.46) and (6.47) we are maintaining an always positive 
value for r so we use | u e | to keep the sign of Q and Q w consist- 
ent. As known from symmetry, Q and Q w are even in g. A positive 
sign for Q w means that heat is being transferred from the wall into 
the boundary layer and vice versa. As written, is a local value 
per unit area of wall. 

A local Nusselt number can be written, although it may not be 
particularly useful at other than the stagnation point since the 
"history" of the boundary layer is involved in its evaluation. We can 
define a local Nusselt number based on wall properties as follows: 


Nu w = 


0^1 


x |c 


Pw 


(H w - H aw )k w 


(6.46) 


where H 


aw 


is the adiabatic wall enthalpy and is a function of g . 


This is the wall enthalpy distribution which will render the heat trans- 
fer, Q w , zero at all g being considered. With a smooth distribution 
of wall enthalpies, H w (g), the ratio Q^./ (H w - H aw ), will generally be 
positive, but wall enthalpy distributions are possible that will make 
this ratio, and therefore the Nusselt number, negative and even infi- 
nite. The absolute value, |x|, has been used to make Nu w even in 
x and | . 

We now substitute equation (6.47) i n (6.48) and, after some 
simplification, we obtain: 

p s ru e x 


Nu v = 


*/2 g 2 &w(haw - hw) 


hfjU'O) 


(6.49) 
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where h aW = H a w/Hst and P s is evaluated at Hg-^ and at the 
pressure of the £ station. Nu w will vanish at £ = 0, hut we can 
form an expression (which is even in |) that does not vanish as 
follows : 




Nu- 


•w 


(6.50) 


^ J u ePw x /^ J w 

Using equation (6.49) we obtain, after some simplification 

Nu w r N /(pp) s g w u e x ^ ^ 

1 1 — 2 / ty] ( £ > 0 ) 

n/Rw «/2 | (h a v - hw) 

A local Stanton number based on wall properties can be defined 

as follows : 


(6.51) 


st w = 


Q-. 


•w 


(6.52) 


(Using | u e | makes St- 


w 


(H w - H aw ) p w l u e I 
even in £ and x. ) Using equation (6.48) we 


obtain the standard relationship 

Stw = 


Ru- 


•w 


Rw0 


(6-53) 


w 


When we substitute equations ( 6 . 38 ) and (6.49) into (6.53) we obtain 
after some rearrangement 

(ir/a) s rm w 5 w 


st w = 


^(1,0) 


(6.54) 


-v/2 i (haw - hw) 

where ( (u/cr) s is evaluated at H s t and at the pressure of the £ 
station. As with the coefficient of local skin friction, the local 
Stanton number has an infinity as l/| £ | at the stagnation point. This 
can be removed by multiplying by the square root of the Reynolds 
number. From equation (6.53) we have 

Ru w 


St w n/Rw = 


(6.55) 


\fRw cr w 

This can be expressed in more detail by using equation (6.51)- 

The limitation on usefulness of the local Nusselt number also 
applies to the local Stanton number. Infinite or negative Stanton 
numbers are possible with certain distributions of wall enthalpy 
because of "historical effects." At the stagnation point, the quantity, 
n/Rw, can be considered as a useful coefficient. 
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We will now specialize equations (6.47), (6-51), and (6.55) for 
the vicinity of the stagnation point. We will use equation (6.1) and 
the stagnation point relations, r « x and u e » (du e /dx) ( x=0 ) x - To 
obtain in several forms we will also use the relations given in 

equation (6.6). For Q^. near the stagnation point we have 

-, 2/ 3 


«w 


n /~2 ( 2 H st ) 


J wo 


4 


(pM-) so §wo a i ^~^st 


G’(0) 


Hst 

°wo 



J ^( PP-) so^wo 



G'(0) 


( 6 . 56 ) 


Equation ( 6 . 56 ) is the zero-order term of the expansion in | of equa- 
tion (6.47), the first neglected term being of order £ 2 . From the 
series expansion for G, equation (5-3), we know that when the wall 
enthalpy equals the stagnation enthalpy (hwo = l), then G(t)) s 1 and 
G’(ti) = 0. Then, under these conditions, Q^. = 0 in equation ( 6 . 56 ). 
This means that at the stagnation point, the adiabatic wall enthalpy is 
equal to the stagnation enthalpy, or the dimensionless adiabatic wall 
enthalpy, h aw , is unity. 

Equations ( 6 . 51) and (6.55) specialize to 


Nu w _ *[2 

n/Rw (l - hwo) 


(6.57) 


St w n/Rw = — g'(0) ( 6 . 58 ) 

(1 - hwo ) c% 0 

Equations (6.57) and ( 6 . 58 ) are valid in the vicinity of the stagnation 
point. They are the zero -order terms of the expansion in | of equa- 
tions ( 6 . 51 ) and (6.55), respectively. The first neglected terms in 
(6.57), (6.58) are of order £ 2 . Equations (6.57) a 11 '! ( 6 . 58 ) are not 
singular at hwo = 1, because, as seen from equation (5*5), the first 
term in G* (O) is a term in (hwo - l) . 
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CHAPTER 7 


ILLUSTRATIVE APPLICATIONS OF RESULTS 


In this chapter we will demonstrate the use of the method we have 
developed. Two typical cases will he considered, one for a perfect gas 
and the other for a real gas. The method of procedure is essentially 
the same in both cases. 

A. A TYPICAL PERFECT GAS 


Our procedure will be the following. First the gas -property poly- 
nomials will be determined. Next the calculated dimensionless velocity 
and enthalpy profiles (in the transformed coordinate, rj) will be com- 
pared with exact solutions . Finally we will transform back to the y 
coordinate system and will determine profiles of dimensionless velocity, 
enthalpy, density, a normalized transverse velocity, and the product of 
a normalized transverse' velocity with density. We will also calculate 
skin -friction and heat -transfer coefficients and a normalized displace- 
ment thickness. 

1. Determination of Gas -Property Polynomials 


We will use flight in the earth’s atmosphere for our example. Up 
to free -stream Mach numbers of about 5, we can consider that the actual 
air can be quite well approximated by a gas that is thermally and calor- 
ically perfect. Over the temperature range existing in the boundary 
layer in flight at a Mach number of 5, the compressibility function of 
air, Z = P/pRT, is essentially unity so that the perfect gas law holds: 

P = pRT (ref. 10). Over this temperature range, the specific heat, Cp, 
does not change much, and we can consider it as having a constant aver- 
age value. Then we can write 


p so 

P 


= 8(G) = G 


which gives the polynomial coefficients (eq_. (5*7c)): 

Si = 1 

= S3 = 0 

The viscosity can be veil represented by Sutherland^ lav 
(ref. 10). This can be written (ref. ll) as: 


(7.1) 


(7-2a) 

(7-2b) 
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(7-3) 


H _ | 

f T ^ 

3/2 

i 

r 1 + ( 198 . 6 /t so ) 

^so 

w 

-(t/Tso) + (198.6/t so )J 


Since we are considering the specific heat, Cp, to have a constant 
average value, we can write: 


^- = -iL = h = G 

Tso Hst 

When we combine equations (7-1) and (7-4) with (7-3) we have: 


(7-4) 


on 

( PH) S o 


g(G) = G 1/£ 


'1 + (198.6/Tsq)" 

-G + (198.6/T S o)- 


(7-5) 


At this point we need to select a value for the stagnation temperature, 
T so . We will use T so = 2520° R which corresponds to flight at Mach 5 , 
at an altitude of about 28,000 feet. (This altitude gives a stagnation 
pressure behind the normal shock, Pt 2 = 10.6 atmospheres, but this does 
not enter our calculations.) With these assumptions equation (7-5) 
yields 


g(G) 


PH = g i/£ ( 1.0788 N 

(ph) S o 4G + 0 . 0788 ; 


(7-6) 


We can see that a substantial variation in T s0 will produce only a 
small change in equation ( 7 * 6 ). 

Over the temperature range we are considering, the Prandtl number, 
a, will change very little (ref. 10). For this case we will consider 
it to be constant. Then we have 


m(G) = 


PH/g 


PH 


= g(G) 


(7-7) 


(ph/ct)c.q (ph) so 

So one polynomial will suffice to represent both g(G) and m(G). 

We now want to put equation (7 .6) in the form of the third-degree 
polynomial, equation ( 5 . 7 b). In chapter 5, section E, we discussed 
several methods of obtaining the polynomial coefficients. In this case 
we will determine the coefficients by expanding equation ( 7 * 6 ) in a 
Taylor series about the point, G = 1. This will determine g x and g . 
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The coefficient, g 3 , will he determined by forcing the polynomial to 
equal the exact value of g at G = 0.1. The coefficients we obtain 
are 



Sr 

= 

= -0.4269 


( 7 .8a) 



= m 2 

= 0.5415 


(7.8b) 


Ss 

= m 3 

= -2.5047 


( 7 . 8 c) 

Our polynomial is 






g(G) = m(G) = 1 - 

0 . 4269 ( G - 

1 ) + 

0,5415 (G - if ■ 

. 2 f ^ (G - 

l) 3 






(7-9) 


In figure 6 we have plotted the Sutherland function, equation (7-6), 
and the polynomial (7-9) • The comparison is considered quite satisfac- 
tory (particularly in view of the demonstration in appendix D, showing 
that final answers are not very sensitive to the shape of the gas prop- 
erty curves). We will make calculations for a number of different 
values of hwo, and, clearly, the best polynomial representation would 



Figure 6.- Variation of g = pp/(pp) so and m = (pp/cr ) /(pp/cr ) SQ with G. 
Perfect gas: c p , a constant; T S o = 2,520° R. 
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■be a slightly different polynomial for each hwo value. We will not 
seek this additional accuracy, hut will use polynomial (7*9) for all 
values of hwo. 

Since we have assumed a constant Prandtl number for this case, the 
wall Prandtl number, ay 0 , will be the Prandtl number through the bound- 
ary layer. We have made our calculations for two values of Oy 0 , O. 7 O 
and 0.75, as the comparison is of some interest. Most writers give the 
Prandtl number for low temperature air as approximately O. 7 O, although 
O .75 is also found in the literature (ref. 10). It is believed that 
Oyo - O. 7 O is the more realistic value for air. 

2. Comparison of Calculated Results With Exact Solutions 

Our calculations of dimensionless enthalpy and velocity as func- 
tions of the transformed variable, t], will include cases with hwo 
values of 0.1, 0.2, 0.1;, 0.6, 0.8, and 1.0. For the particular flight 
conditions we have assumed, some of the hwo are too low and some are 
too high to be considered practical. They have been included merely 
to illustrate the method and to show trends. 

Our next step is to compare our calculated solutions with exact 
solutions. In obtaining exact solutions, we have solved equations 
(3.12), ( 3 . 13 ). (We recall that f 0 = F and h^, = G in our nomencla- 
ture.) For S(G) we have used equation (7-1), and for m(G) and g(G) 
we have used ( 7 . 6 ) and ( 7 . 7 ). So, for the exact solutions, the poly- 
nomial forms of the gas properties were not used; the original analyti- 
cal forms for the gas properties were substituted directly into equa- 
tions (3.12) and ( 3 . 13 )* 

Calculated solutions were obtained from equations ( 5 - 3 ) ^ (5*4), 
with values of G and F' determined at a number of points through the 
boundary layer. The comparisons are shown in figure 7 for both a w0 
values used. This comparison is considered to be very satisfactory. 

At the lowest values of hwo, there is a small discrepancy between 
exact and calculated values of F’ in the outer portion of the bound- 
ary layer mainly because of the discarding of terms of lesser impor- 
tance from the series solution (see fig. l) . The exact and calculated 
results match best near the wall, because the constants used in 

9k 







V 

Figure J • - Concluded. 
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truncating the series solutions were determined by matching calculated 
wall values with wall values from a number of exact solutions (tables 
5-1 and 5-2). Curves for the case with hwo = 1 are shown in figure J; 
at this hwo value , the exact and calculated solutions are identical. 
For a comparison of wall derivative values, G*(0) and F u (0) , equa- 
tions (5-5) and (5*6) were used for the calculated values. This com- 
parison is shown in table 7 - 1 . Again, the check is considered to be 
very satisfactory. 


TABLE 7-1.- COMPARISON OF EXACT AND CALCULATED WALL 
DERIVATIVES FOR PERFECT GAS 
Moo = 5 - 0 ; altitude = 28,000 ft; T so = 2 , 520 ° R 


a - a-wo 
(constant) 

hwo 

g'(o) 

exact 

G'(0) 

calculated 

Percent 
error in 
G’(0) 

F"(0) 

exact 

F"(0) 

calculated 

Percent 
error in 
F"(0) 

0.70 

0.1 

0.3247 

0.3230 

0.5 

0.5089 

0.5111 

0.4 


.2 

.3003 

.3006 

.1 

•5592 

• 5647 

1.0 


.4 

.2441 

.2436 

.2 

.6632 

.6658 

.4 


.6 

.1729 

.1727 

.1 

•7579 

• 7591 

.2 


.8 

.09056 

.09057 

0 

.8454 

.8458 

0 


1.0 

0 

0 

0 

.9277 

.9277 

0 

0.75 

.1 

•3336 

.3323 

.4 

.5119 

.5146 

•5 


.2 

• 3084 

.3091 

.2 

.5618 

.5679 

1.1 


.4 

.2508 

• 2505 

.1 

.6652 

.6684 

• 5 


.6 

• 1776 

• 1775 

.1 

• 7593 

.7610 

.2 


.8 

.09303 

.09303 

0 

.8461 

.8467 

.1 


1.0 

0 

0 

0 

• 9277 

.9277 

0 


3 . Calculated Coefficients and Profiles in Physical Coordinates 

In figure 8 are plotted a number of calculated quantities as func- 
tions of a normalized y for 0 WO = 0 . 70 . The corresponding curves 
for a wo = 0.75 are not shown as they are not discernibly different 
from those of figure 8 . The calculated values were obtained from 
machine -programmed solutions using the permanent binary tape for the 
input of the universal functions. 

Figure 8 (a) shows the transformation from T) to y. This was 
obtained from equation ( 6 . 12 ), but equation ( 6 . 8 ) could have been used 
instead. Both equations show that there are several ways of normaliz- 
ing y into a dimensionless form. The form using a x was not used 
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because a x is a function of g wo (eq. (6. 5))^ and g„ 0 depends on 
hwo. The normalization used for y in the figure is slightly different 
from a form shown in equation (6.12) in that J g wo has been moved to 
the right side of equation (6.12). This allows a more universal compar- 
ison for different hwo values when we assume a given flow and body 
shape with different hwo values applied. For a given flow,, |_i so and 
p so do not change with hwo, and for a given body shape, neglecting 
displacement-thickness interaction, the quantity (du e /dx)/ _ will be 
the same. 

The curve, y(r)), for hwo - 1.0 is entirely linear, there being no 
compressibility effects (see eqs. (2.40), (6.12)). The other curves 
become linear at rather small r) and normalized y values, showing 
that compressibility effects are virtually confined to the inner portion 
of the boundary layer (see figs. 7(a,b), 8(b,c)). On figure 8(a) are 
shown normalized values of the displacement thickness, 6*, the normali- 
zation being the same as that used for y. The displacement thickness, 
&*, was obtained from equation ( 6 . 25 ) but could also be obtained from 
equation ( 6 . 23 ). 



Figure 8.- Calculated profiles for a perfect gas with cr wo = o = 0.70: 
14, = 5-0; altitude = 28,000 ft; T so = 2,520° R. 















The remaining parts of figure 8 are plotted on a normalized y 
basis (the physical coordinate) to show the trends of the data. In 
figures 8(b) and (c), respectively, the dimensionless enthalpy, G, and 
dimensionless velocity, F* , are plotted against the normalized y. 

In figure 8(d) we have plotted a normalized -pv against the nor- 
malized y. The quantity, -pv, was obtained from equation (6.14). The 
case with the greatest compressibility effects, hwo = 0.1, has a curve 
that is essentially linear. All of the curves become linear at rather 
small values of the normalized y. In figure 8(e) we have a normalized 
form of the negative of the transverse velocity, -v, plotted against 
the normalized y. The transverse velocity was obtained from equation 
(6.18) using (6.19). These curves become essentially linear at small 
normalized y values, the case with hwo =0.1 departing the least 
from linearity near the wall. In figure 8(f) we have plotted the 
dimensionless density, p/p so , against the normalized y. The density 
was obtained from equation (6.l6) but could also be obtained from ( 6 . 15 ). 
This figure corresponds somewhat to figure 8(a) and shows that any major 
change in density occurs in the immediate vicinity of the wall. 
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In figure 9 for both cr wo values , all the quantities Cf e ,,/Re, 

Cf w n/Rw, Nu w / *jB. w, and St w jRw are plotted against hwo. The quan- 
tities plotted were obtained from equations ( 6 . 4 l), ( 6 . 42 ), ( 6 . 57 ) , 
and (6.58), respectively. (Curves for a real gas discussed in sec- 
tion B, below, are also included in this figure.) As one might expect, 
the plots show that the value of the Prandtl number (a wo = a = constant 
for these perfect gas cases) has only a very small effect on the coef- 
ficient of local skin friction. The effect on heat transfer is small 
but noticeable. The Nu w/ 4 / Rw curves in figure 9 are compared with 
several values of this quantity obtained from reference 12. 

By examining a number of numerical solutions. Fay and Riddell 
(ref. 12) developed several correlation formulas for stagnation -point 
heat transfer at the wall. Their numerical solutions used a constant 
Prandtl number, a = 0.7I, and several constant Lewis numbers. For the 
equilibrium boundary layer (and considered valid for the "frozen" bound- 
ary layer with a catalytic wall) with Lewis number, Le = 1 , the correla- 
tion formula (eq. (58) of ref. 12) is, in our nomenclature, 

Nu-w = O.67 

■n/Rw (g wo )°- 4 

Points calculated by the Fay and Riddell formula are shown in figure 9 - 
It is seen that their values fall between ours for a = O.7O and 0 . 75 , 
in extremely close agreement. It is of interest that the Fay and 
Riddell formula contains only one parameter, g wo (which is equal to 
m wo for a constant a) . This tends to confirm our conclusion in 
appendix D that between fairly wide limits the shapes of the gas prop- 
erty curves do not greatly affect the wall values of the heat transfer 
and the skin friction. 

The curves plotted in figures 7, 8, and 9 are not universal 
because the flight conditions were specified. However, a moderate vari- 
ation in flight conditions will produce only small changes in the final 
answers. The free -stream Mach number (or velocity of flight) and the 
altitude determine the stagnation temperature and enthalpy. The stag- 
nation temperature determines the constant in the Sutherland viscosity 
law ( 7.3 )> and this will have some effect on the values of mq and gj_, 
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but for moderate changes in T so this effect will not be severe. For 
small variations from the specified value of T so , the results shown in 
figures 7 through 9 can be considered good approximate answers. In dis- 
cussing a small variation in T so , we are assuming that the gas is 
thermally and calorically perfect and that the Sutherland viscosity law 
still holds. 

Our method of calculation seems best adapted to the type of 
perfect gas case we have been discussing. With this type, chemical 
effects are not important, and with third- degree polynomials, we can 
obtain good fits to the gas-property curves. 

B. A TYPICAL REAL GAS 

In this section we will carry through the calculations for a more 
severe case than the one we discussed in section A. Our polynomials 
will not give ideal fits to the gas- property curves, but a comparison 
with exact solutions will indicate that our calculated solutions fur- 
nish a reasonable approximation to the exact answers. 

As our example, we will consider a vehicle flying in the earth’ s 
atmosphere with a velocity of 9,750 ft/sec at an altitude of approxi- 
mately 108,000 ft. This corresponds to a free -stream Mach number, M^, 
of 9-57 (using the ARDC atmosphere). The stagnation enthalpy, H s ^, is 
2,000 Btu/lb and the stagnation pressure behind the normal shock wave, 
P^ 2 , is 1 atmosphere. At a stagnation enthalpy of 2,000 Btu/lb and a 
stagnation pressure of 1 atmosphere, the stagnation temperature is 
5,7^0° R (ref. 13). 

1. Determination of Gas -Property Polynomials 

We will use the charts of reference 13 for air to obtain the 
temperatures corresponding to our range of dimensionless enthalpies of 
interest (G = h Q = H o /2000). In place of a formal equation of state, 
we obtain numerical values of the compressibility function, Z, (devia- 
tion from the perfect gas law) and thus obtain densities from refer- 
ence 13 . We then have a numerical tabulation of density as a function 
of the dimensionless enthalpy, G (not shown). We next obtain a numeri- 
cal tabulation of 5 (g) = P so /p against G (not shown). We will fit a 
polynomial to this . 
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Figure 10 (a) shows a plot of 5(G) against G and the polynomial 
fit obtained. As can be seen, this matching is very good. The param- 
eter values are : 

5 X = 0.6165 S 2 = -0.5536 S 3 = 0.6606 

These values were obtained by forcing the polynomial to pass through 
two selected points (in addition to (l,l)), and by attempting to match 
the slope of the curve at (l,l). This polynomial will be used in 
calculating cases with various values of hwo. 

For the gas property curve, g(G) = p|a/ ( pM-) so-? we a l rea( 3y have numer- 
ical values of p/p sc p and we use reference 10 to obtain |_l/ M- so . As 
given in reference 10, it turns out that the Sutherland formula can be 
used to give p.(T) . From this we obtain numerical values of M-/m- so (G) , 
since we already obtained a tabulated relationship between T and G from 
reference 13 (not shown) . (in the perfect gas case we were able to 
obtain pi/ M- so ( G) directly, because we used a constant specific heat.) In 
figure 10(b) the function g(G) is shown plotted. Also shown are plots 
of three different polynomials which will be used for different hwo 
cases. At the lower values of hwo it is not possible to get an ideal 
fit with a third-degree polynomial; a polynomial of higher degree would 
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Figure 10.- Variation of gas properties. Real gas: 
H st = 2,000 Btu/lb; P t = 1 atm; T so = 5,7^0° R. 
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Values from refs. 10,13 


g,= -0.2442 ; g 2 = 0 ; g 3 = -7.674=(hwo = 0.15) 

g ( = -0.2780 ; g 2 = 0 ; g 3 = -6.774:(hwo= 0.2) 

g ( = -0.3333; g 2 = 0.5000 •, g 3 = -2.886:(hwo=0.4;.6;.8;I.O) 

* g = I +g, (G-l) + -j^-(G- l) z + (G-l) 3 



Values from refs. 10,13 

m ( = m 2 = 0 ; m 3 = -6.450 : (hwo = O.I5) 
m^m^O ; m 3 = -5.742 : (hwo = 0.2) 
m, =-0.0500 ■, m 2 = 0 ; m 3 = -2.640: (hwo =0.4) 
m, = m 2 = m 3 = 0 ; ( hwo =0.6) 

m, = -0.3000 -, m 2 = m 3 = 0'(hwo = 0.8;l.0) hw0 

m, 2 m 3 3 0.15 0.746 

* m= l+m,(G-l)+-^-(G-l) +-^(G-I) .2 .753 

.4 .770 

.6 .742 

.8 .634 

1.0 .625 



J ±.__ l I I I I 
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Figure 10.- Concluded. 



be needed. Our polynomials will be approximations to the actual 
function, g(G), but we know from appendix D that final answers are 
not highly sensitive to the shapes of the gas property curves. For 
hwo = 0 . 15 , which will be one of our cases, we have forced one poly- 
nomial to match the actual function at the points G = 0.15 and 
G = 0.5, and the third coefficient was determined by requiring that the 
shape of the polynomial reasonably approximate the g(G) curve. For 
another case with hwo =0.2, we have done the same thing, this time 
requiring the polynomial to match the actual function at G = 0.2. For 
cases with hwo > 0.4 we have obtained a good fit with a polynomial 
that we required to match the actual function at G = 0.4. The values 
of the coefficients in the polynomials are shown in figure 10(b). 

In determining the gas property curve for m(G), we can use the 
relation 


m(G) = 


PM-/ c 


PM 


(pm/p). 


(pm). 


Pso 

— — = g 


so 


Since we have evaluated g(G), we only need to determine Pso/p* We 
obtain numerical values of p as a function of temperature from refer- 
ence 10. We then tabulate cr so /p as a function of G (not shown), and 
obtain our tabulation of m(G) (not shown) . This is plotted in fig- 
ure 10(c). Before proceeding further it is desirable that we examine 
the meaning of the p given in reference 10 . 

a. Use of an "effective" Prandtl number for the equilibrium 
boundary layer . - The flight case that we have chosen is in the regime 
where there is some oxygen dissociation (fig. 6 of ref. 10). We will 
assume that the air is in equilibrium throughout the boundary layer, so 
that the amount of dissociation is a function of the enthalpy (and pres- 
sure which has been taken as constant). In the colder portion of the 
boundary layer there will be recombination of the dissociated oxygen 
atoms with a consequent liberation of energy dissociation. For air in 
equilibrium, Hansen (ref. 10) has calculated a coefficient of thermal 
conductivity which is actually the sum of the usual conductivity coef- 
ficient and a conductivity coefficient that accounts for diffusion and 
the heat of recombination. Similarly, Hansen's specific heat, Cp, is a 



specific heat that accounts for the variation of concentration of con- 
stituents with temperature. So Hansen's Prandtl number is actually an 
"effective" Prandtl number , and we can write 


( 7 . 10 ) 


where the subscript eff means that the quantity is evaluated as in 
reference 10. This is the Prandtl number that we have used in evaluat- 
ing m(G) which we have plotted in figure 10(c). This determination of 
the Prandtl number allows us to use our energy equation as is, and we 
account for diffusion and recombination in the equilibrium boundary 
layer . 

The method of lumping thermal conductivity coefficients was 
apparently first proposed by Hirschf elder (ref. ih) and modified by 
Butler and Brokaw ( ref . 15 ) • The method is clearly explained by Cohen 
(ref. 1 6 ). It should, of course, be noted that the Prandtl number and 
the coefficient of thermal conductivity have not been given their usual 
definitions by Hansen. Cohen (ref. l6) has termed Hansen's definitions 
"effective" values, which is probably good nomenclature. The usual 
definitions of Prandtl number, specific heat, and coefficient of 
thermal conductivity are called "partial" values by Hansen. In the 
lower temperature regimes with negligible dissociation, the "effective" 
coefficients are identical with the usual (or "partial" values). In 
the higher temperature regimes the "effective" Prandtl number has a 
greater variation with temperature than the usual ("partial") Prandtl 
number (figs. 10 and 11(a) of ref. 10). As brought out in reference 1 6 , 
the "effective" coefficient of thermal conductivity, and thus the effec- 
tive Prandtl number, contains the Lewis number, Le, but there is no 
need to determine this quantity. In this treatment there is no assump- 
tion as to constancy of the Lewis number; it can be expected to vary 
through the boundary layer. 

The curve of m(G) plotted in figure 10(c) is a gas property curve 
that is difficult to fit with a low-degree polynomial. (The inflection 
in the curve is due to dissociation of oxygen.) We will approximate 
this curve by five different polynomials for the cases that we want to 
calculate. The polynomial curves and the values of the coefficients 
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used are shown on the figure. Each polynomial was forced to pass 
through the exact curve at the G value corresponding to the hwo 
value for which we will calculate a case. None of the polynomials give 
an ideal fit. At the lower hwo values , 0.15 and 0.20, a polynomial 
of higher than third degree would he needed for an improved fit. At 
the higher hwo values, 0.4-0, 0 . 60 , and 0 . 80 , an ideal fit cannot he 
achieved because we have imposed a limitation on the signs of the coef- 
ficients (see table E-l). The approximate polynomial fits should give 
satisfactory answers, as we know that final answers are not particularly 
sensitive to the polynomial shape (appendix D) . Values of the "effec- 
tive" wall Prandtl number, a wo , for the hwo cases we will calculate 
are shown tabulated in figure 10(c). Some of these values (from 
ref. 10) for the lower temperatures are slightly higher than values 
given in most of the literature. 

2. Comparison of Calculated Results With Exact Solutions 

As we did with the perfect gas, we will compare our calculated 
solutions for dimensionless enthalpy and velocity as functions of t] 
with exact solutions over a range of hwo values. The higher hwo 
values are not practical cases, but they are included to show the com- 
parisons and trends. In the perfect gas case we had analytical rela- 
tions for the gas properties; in this real gas case we do not have ana- 
lytical relations, but we will use the gas -property polynomials in form- 
ing the exact solutions. This comparison between calculated and exact 
solutions will thus not involve the quality of the representation of the 
gas properties by polynomials, since both the exact and calculated solu- 
tions will use the same polynomials. The equations used for the exact 
solutions are ( 4 . 3 ) and ( 4 . 4 ) with boundary conditions ( 4 . 5 )* The cal- 
culated solutions were obtained from equations ( 5 * 3 ) and ( 5 * 4 ). 

The comparison between calculated and exact solutions is presented 
in figure 11. As with the perfect gas case, at the lower hwo values 
these is some discrepancy at the outer edge of the boundary layer, due 
to discarding of small terms from the series solution. On the whole, 
this comparison is considered very satisfactory . Calculated values of 
the wall derivatives, G* (0) and P"(0), were obtained from equations 
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Figure 11.- Comparison of exact and calculated solutions. Real gas: 

U TO = 9>750 ft/sec; M ot = 9 - 57 ; altitude = 108,000 ft; H s ^- = 2,000 Btu/lb; 
P, =1 atm; T so = 5 , 7 ^ 0 ° R. 


110 



(5-5) and- (5.6). The calculated and the exact wall derivatives are 
compared in table 7-2. This comparison is also considered very 
satisfactory. 

TABLE 7-2.- COMPARISON OF EXACT AND CALCULATED WALL 
DERIVATIVES FOR REAL GAS 

Uoo = 9,150 ft/sec; Ha = 9-57; altitude = 108,000 ft; 

H st = 2,000 Btu/lb ; P t2 = 1 atm; T so = 5,7^0° R 


hwo 

a variable 

Or' (0) 
exact 

G’(0) 

calculated 

Percent 
error in 
G'(0) 

F"(0) 

exact 

f"(o) 

calculated 

Percent 
error in 

f"(o) 

0.15 

0.746 

0.3212 

0.3216 

0.1 

0.5615 

0.5521 

1.7 

.2 

• 753 

. 3188 

.3215 

1.5 

•5983 

.5979 

.1 

.4 

.770 

.2713 

.2741 

1.0 

.7173 

• 7246 

1.0 

.6 

• 7^2 

.1885 

.1883 

.1 

.8015 

.8056 

.5 

.8 

.634 

.08852 

.08859 

.1 

.8706 

.8711 

.1 

1.0 

.625 

0 

0 

0 

.9277 

.9277 

0 


3* Calculated Coefficients and Profiles in Physical Coordinates 

In figure 12 are presented calculated results for the real gas in 
a manner that parallels figure 8. The normalization of the quantities 
is the same as used in the perfect gas case. All quantities were 
obtained from machine -programmed solutions using the permanent binary 
tape to input the universal functions. The normalized y was obtained 
from equation (6.8). The normalization of the quantity, -pv, was cal- 
culated from equation (6.14); the density ratio, p/p s0 , was obtained 
from ( 6 . 15 ); the normalization of the negative transverse velocity, -v, 
was calculated from (6.l8). The trends of the data shown in figure 12 
are qualitatively similar to those of figure 8. Figures 12(a) and (f) 

X 

show that compressibility effects are almost entirely confined to the 
portion of the boundary layer nearest the wall. For the case with 
hwo = 1.0, there are no compressibility effects. 

For this real gas case, the quantities Cf e ^/Re, Cp w ^/Rw, Nu-w/^fRw, 
and St WN /Rw have been plotted against hwo in figure 9 (dotted curves) 
along with the same quantities for the perfect gas discussed in sec- 
tion A, above. The plotted quantities were obtained, respectively, from 
equations (6.4l), (6.42), (6-57), ( 6 . 58 ). The Nusselt number and 
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Stanton number curves for the real gas exhibit small inflections in the 
vicinity of the higher hwo values. As seen in the table in figure 
10(c), the "effective" wall Prandtl number, cr wo , dips sharply at 
hwo >0.6. Also the curve, m(G), exhibits a reverse curvature. These 
factors can be expected to produce some effects on the Nusselt and 
Stanton numbers in the actual boundary layer. Our polynomial curves 
do not accurately follow the reverse curvature of m(G), but the coeffi- 
cients, m 1; m 2 , m 3 , are affected by it. Our calculated solutions (and 
"exact" solutions in this case as well) utilize the polynomials and the 
Owo values tabulated in figure 10(c), so it is not surprising that 
slight inflections appear in the calculated results. It is not known 
how closely the inflections in the Nusselt and Stanton number curves 
would compare with results obtained from completely exact solutions 
which might be obtained by following the m(G) curve closely by numer- 
ical methods. This question is probably not important as the real gas 
cases with high hwo values cannot be considered as "practical" cases. 



Figure 12.- Calculated profiles for real gas: Uoo = 9,750 ft/sec; 

Moo = 9-57; altitude = 108,000 ft; H s t = 2,000 Btu/lb; P t = 1 atm; 
T SO = 5,7^0° R. 
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Figure 12. - Concluded. 


Comparison of the results of the real gas with the perfect gas 
plotted in figure 9 indicates that a variation in the gas properties 
does somewhat affect hoth the skin friction and the heat -transfer coef- 
ficients. The variation shown ranges from zero to about 15 percent. 

At the lower hwo values the percentage variations between the two 
cases in the local skin-friction coefficients and the local heat- 
transfer coefficients are of about the same order of magnitude. (An 
examination of figures 6 and 10 shows that the m(G), g(G), and 5(G) 
curves are substantially different both in wall values and shape between 
the two cases.) 

For the quantity Nu w / »/Rw, Fay and Riddell worked out a correla- 
tion formula for the equilibrium boundary layer to account for Lewis 
numbers, Le ^ 1, but constant (eq. 60 of ref. 12). In our example case, 
taking the Lewis number, Le = 1.4 (an "average" value suggested by 
fig. 11 (b) of ref. 10), this correction would increase the values of 
the Fay and Riddell points in figure 9 "by about 3 percent. These 
points have not been plotted on figure 9 * They would fall practically 
on top of our perfect gas curve for a = 0.75; "but are not too close to 
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our real gas curve for Nu^/jRw. Some of this difference may be due 
to our allowing a to vary and not taking a constant Le in our 
calculations . 

It should be pointed out again that our solution to this type of 
real gas case must be considered as approximate. We have seen that 
we cannot obtain ideal fits to all the gas -property curves with third- 
degree polynomials. Also our method, as set up, does not take into 
account finite chemical recombination rates, but is essentially 
restricted to the equilibrium, boundary layer. As a further approxi- 
mation, our calculations should furnish reasonable answers for wall 
heat -transfer values for a "frozen" boundary layer with a catalytic 
wall, but the profiles away from the wall will not be given with high 
accuracy (refs. 6, 12). 



CHAPTER 8 


DISCUSSION AND CONCLUSIONS 

By a method of expansion in terms of a parameter, we have set up 
numerical solutions of a general form to the axially symmetric 
stagnation -point compressible laminar Boundary -layer prohlem. The param- 
eter of expansion that we have used is the deviation of the dimensionless 
wall enthalpy from unity, (hwo - l) . The gas properties needed have been 
represented as third-degree polynomials in powers of the deviation of the 
dim ension! ess enthalpy from unity, and the coefficients of the polynomi- 
als become parameters of the problem. The effects of all parameters are 
obtained by expanding in terms of the one parameter, (hwo - l) . The 
expansions have been kept to a reasonable length by truncations in which 
the highest -order term involving each parameter has been adjusted so that 
calculated answers agree well with the answers to exact solutions contain- 
ing the various parameters . 

The solutions have been obtained in terms of universal functions. 
These have been plotted (figs. 2 and 3)^ tabulated (table I), and stored 
on a permanent binary tape. The important working formulas to be used in 
obtaining solutions from the universal functions have been machine pro- 
grammed; with machine calculations, the input to the formulas of the uni- 
versal functions is obtained from a permanent binary tape. However, an 
automatic computing machine is not necessary for obtaining solutions; the 
values of the universal functions given in table I can be inserted in the 
formulas for hand compulations. Some of the working formulas are quite 
lengthy; with machine calculations this makes little difference since 
these formulas have been programmed. In mailing hand calculations, one 
may have combinations of parameters that will render certain terms in the 
formulas very small or negligible, and one may judiciously drop these 
small terms depending on the accuracy desired. 

Solutions can be calculated for any gas. For flight in the earth’s 
atmosphere, the method, as set up, is best suited to cases with moderate 
free -stream Mach numbers, say around = 5* For these cases, the gas- 
property functions can be closely fit with third-degree polynomials, and 
chemical effects are not especially important. At the higher Mach 
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numbers, the solutions should be considered to be reasonable approxima- 
tions. The polynomial fits to the gas -property functions, in some of 
these cases, will not closely follow the shapes of the gas -property 
curves, but this does not have a large effect on the final answers. 
However, it is still recommended generally to try to obtain the best 
polynomial fits (see appendix D) . 

At the high Mach numbers, finite chemical recombination rates will 
be of increasing importance and the method does not take these finite 
rates into account. (This is not inherent in the method of solution, but 
is a consequence of the way in which the boundary -layer equations were 
originally written.) The calculations are for a gas in equilibrium when 
an "effective" Prandtl number is used which is obtained from a Tumped 
coefficient of thermal conductivity that represents both conduction and 
diffusion (ref. 10) . These equilibrium gas calculations will also give 
approximate values for heat transfer at the wall for a "frozen" gas with 
a catalytic wall (refs. 6 and 12). 

The method can be extended to higher orders, allowing the use of 
gas -property polynomials of higher than third degree, but it may be 
doubted if this is worthwhile. Higher -order terms can be approximated 
as described in chapter 5, section F. 

Numerical solutions have been obtained only for the stagnation- 
point problem. The boundary -layer equations can be expanded in powers 
of a transformed longitudinal variable to extend around a blunt body 
(indicated in appendix A) . These equations can be solved in terms of 
universal functions by the method used for the stagnation -point equa- 
tions, but the number of terms will be large. 

Our method of calculation delivers the quantities of interest for 
the stagnation -point profile. As an important application, these quan- 
tities can be used to form starting profiles for finite -difference 
solutions extending around a blunt body. Approximate solutions (refs. 

6 and 17 ) can also be started in this way. 

For convenient reference a listing of the stagnation -region working 
formulas is given in table E-l of appendix E. Also listed in table E-l 
are the parameter limits which were used for the series truncations . The 
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selection of parameter values should normally he held within the limits 
indicated. An asterisk symbol in table E-l indicates formulas which 
have been machine programmed, with the input of the universal functions 
from the permanent binary tape.* 


*Available with computing program from Ames Research Center, NASA, 
Moffett Field, Calif . 
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APPENDIX A 


SERIES EXPANSION OF THE MOMENTUM AND ENERGY EQUATIONS IN POWERS 
OF THE LONGITUDINAL VARIABLE 

As noted in chapter 3 , the momentum, and energy equations (2.37) 
and (2.38) can be expanded in powers of the transformed longitudinal 
variable, £. This will produce pairs of coupled ordinary differential 
equations in the independent variable, r) . From the symmetry of the 
problem we have observed that only even powers of £ will give 
functions not identically zero. 

A. GENERAL FORM OF EQUATIONS 

We can substitute in equations (2.37) and ( 2 . 38 ) the expansions of 
all terms in powers of £, then separate out the different powers of £, 
and we have the equations for the various orders. This was done to 
obtain the zero -order equations (3-12) and ( 3 * 13 ) which are nonlinear. 

To obtain the higher -order equations another procedure can be 
used. It can be recognized that expansions in powers of £ are equiv- 
alent to Taylor's series in £ about | = 0. So, we are able to take 
derivatives of the momentum and energy equations (2.37) and (2.38) with 
respect to £ to various orders, then set £ = 0, and obtain the pairs 
of coupled ordinary differential equations for the various orders. 

This is possibly more convenient than picking out powers of £ . 

The higher -order terms in the momentum and energy equations (in 
even powers of £ only) deliver pairs of coupled, linear, ordinary dif- 
ferential equations. The left sides of the equations maintain the same 
general form. With increasing orders of fj 1 , the right sides of the 
equations become increasingly complicated as additional parameters 
affecting the solutions come into play. The right sides contain terms 
which are the solutions of lower orders, so all lower orders must be 
solved before solving a given order. 
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The general form of the equations other than zero order is as 
follows : 

Momentum equations : 



Right side containing parameters 
and terms from lower orders 


Energy equations : 

[m(h 0 ) ] h^ + 2 (|£) h h o* + ^WWo h i’ 

+ Kit)ho (ho ' )2 + (§h) ho ho " ■ © hi 

+ + jj) ^wo^o^o' ^i 


Right side containing parameters 
and terms from lower orders 


The boundary conditions for equations (Al) and (A2) are as given 
in equation (3-11) • These equations can be considered as "semi- 
universal." Their solutions depend ultimately on the solutions (for 
f Q and h Q ) of the zero-order equations, (3-12) and ( 3 - 13 )* which are 
nonlinear. The values of f Q and h Q will depend on the dimensionless 
wall enthalpy as well as on the gas properties. It is seen in (Al) and 
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(A2) that f 0 and h Q . and their derivatives and also' the gas properties 
appear in the coefficients on the left sides of these general form 
equations. 


B. SECOND -ORDER EQUATIONS 


As an illustration we can write the differential equations derived 
from the | 2 terms of the momentum and energy equations. 


Momentum equation: 


g(ho) 
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(A3) 


Energy equation: 


[m(h 0 ) ]h 2 ” + 


2( vy ) h 0 + h w0 m w0 f 0 
. Voh/h n 


h 2 ’ 
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' Because of their linearity, one can indicate the solutions to 
(A3) and (a 4) in a split form. 


h 2 = (hv2)ih s + (a! 2 ) 2 h 2 + (/-)3h 2 + (cr w2 )4h 2 

\ d i/ 


(A5a) 


f 2 = (hw 2 ) 1 f 2 + (a]_ 2 ) 2 f 2 .+ ( — = —)3^2 + /w/ 4 S 2 

\ a X/ 


(A 5 b) 


The boundary conditions from (3-11) are as follows. 
At the wall: 


if 2 (0) = if 2 *(0) = 0 
ih 2 (0) = 1 ±h 2 (0) = 0 

At the transition to the exterior flow: 
if 2' (°°) = 0, 

2 h 2 (oo) = -2 ih 2 (co) = 0 


i: 1, 2, 3, 4 (A6a,b) 

i: 2, 3 , 4 (A6c,d) 

i: 1, 2, 3, 4 (A 6e) 

i: 1, 3/4 (A6f,g) 


Boundary condition (A6f) comes from the right side of (3. lid), where, 
in this case b 2 = 2a/ (see eq. (3.7)). 


C. GAS PROPERTIES 

The right sides of (A3) and (a 4) contain the parameter a-w 2 
(eq. (3*8)). For most practical problems, the wall value of the Prandtl 
number cr w would be so nearly constant that one would probably not need 
the ov 2 term. 

The right sides of (A3) and (a 4) also contain partial derivatives 
with respect to P of m, g, 5. These terms will usually be very 
small and, in most cases, can be dropped. Partial derivatives with 
respect to P affect the coefficients of the polynomials (3-1). We 
recall that m, g, 5 are dimensionless ratios of gas properties at 
different enthalpies but at the same pressure. Over a considerable 
range, these ratios are not very sensitive to the pressure level. For 
example, with a gas that is thermally and calorically perfect, &(h) = h 
with no pressure dependence. If a gas closely approximates a perfect 
gas, the Sutherland formula (containing no pressure term) can be used 
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to compute the viscosity (ref. 10); then g(h) will not be pressure 
dependent. In this regime, the Prandtl number a has little pressure 
dependence (ref. 10), so m(h) will have very little pressure depend- 
ence. Concerning real gases, the writer checked plots for air of m, 
g, S using data from references 10 and 13 and for carbon dioxide 
using unpublished data; and even into the ionization regime there was 
little pressure dependence. In figures 1 and 3 of reference 1 6 are 
plots that show this for air, for quantities that correspond to our B 
and g. It is safe to say that for an approximate analysis, terms 
involving partial derivatives of m, g, B with respect to P can 
generally be dropped. 

D. NOTE ON CONVERGENCE 

The expansions of f and h in powers of £ , equations (3.2) and 
( 3 . 3 ), can be considered to be valid regular or nonsingular perturba- 
tions around the axis, <■ = 0. The character of differential equa- 
tions ( 2 - 37 ) and ( 2 . 38 ) is not changed with the substitution of the 
expansions in the equations and with the change from small | to | = 0 . 
The momentum equation (2.37) is dominated by f terms and the highest 
derivative term is preserved as | approaches zero. The energy equa- 
tion ( 2 . 38 ) is dominated by terms in h when | is small. When | 
becomes zero, the highest derivative term in h is preserved. Also no 
boundary conditions (2. hi) are lost as | approaches zero. 

The expansions for f and h, (3*2) and ( 3 . 3 ), are analogous to the 
Howarth-Blasius expansion for incompressible flow (ref. l) and are quite 
similar to expansions in powers of a transformed longitudinal coordinate, 
t (in our nomenclature) for compressible flow given in reference 7 . 

The expansions for f and h are valid only in their region of 
convergence, of course. Schlichting (ref. 1, pp. 132, 137) does not 
question the convergence of the Blasius series. It is apparent that 
the physical problem does not have singularities. However, it is pos- 
sible that mathematical singularities may exist in the complex plane of 
|. This has been pointed out by Van Dyke (ref. h) in connection with a 
meridian -length longitudinal coordinate and with a parabolic 
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longitudinal coordinate for incompressible flow over a parabolic blunt 
body (or body of revolution). Van Dyke has indicated that a singularity 
occurs somewhere on the circle, iXjqpl/a = 0.62, where is the 

meridian-length longitudinal coordinate and a is the nose radius. 

When a parabolic longitudinal coordinate, X , is used, a singularity 
appears to exist at |X | = 1 which corresponds to IX^I/a = 1.15* 

Van Dyke has show n that the circle of convergence can probably be 
enlarged to infinity by an Euler transformation to a new variable 
X p 2 /(1 + X p 2 ). 

In the light of the above discussion, it is thought possible that 
our | may not be the best longitudinal coordinate from the standpoint 
of convergence. In the present work, a detailed analysis with numeri- 
cal solutions is only being made for the stagnation -point (zero-order) 
equations. These are not affected by an Euler transformation. If 
solutions to the higher-order equations were to be obtained, considera- 
tion should be given to the possible advantage of the Euler transforma- 
tion of the longitudinal variable. 

On setting up series solutions to equations (2.37) and ( 2 . 38 ), it 
is necessary that any infinite series representation of the gas prop- 
erties, such as would be indicated in equation ( 3 . 1 ) with infinite 
upper limits, be convergent (and the more rapidly the better). This 
possible problem is avoided by using finite polynomial representations 
of the gas properties as given in equation (3-1) • 
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APPENDIX B 


THE COMPONENTS OF THE STAGNATION -POINT EQUATIONS EXPANDED IN 

POWERS OF (hwo - l) 

\ 

We obtained solutions to the stagnation -point equations (4-3) and 
(4.4), with boundary conditions given by (4.5)> by expanding the 
dimensionless enthalpy, G, and the dimensionless stream function, F, 
in powers of the parameter (hwo - 1) . The expanded boundary condi- 
tions are given by equation (4.8) and the final forms of our series 
solutions are in equations (5-3) and (5-4). 

The zero-order equations are (4.11) and (4.12) with boundary 
conditions (4.8a) and the left side of (4.8d). The higher-order equa- 
tions are all of the form given by (4.13) and (4.14). These equations 
will be listed in this appendix. The equations, as written below, are 
•complete through the third order. Some terms obtained from the equa- 
tions below were dropped as negligible from the final series forms (5-3) 
and (5.4) (see also fig. 1). The nomenclature for terms dropped or 
approximated is explained in chapter 4, section E (e.g., &Fs) • Above 
the third order, only the significant (non -negligible) terms have been 
retained on the right sides of the equations. Where a parenthesis on a 
right side contains no specific terms, the function corresponding to that 
parenthesis has been approximated or dropped. Approximations have been 
used for terms connected with the Prandtl number parameter, cri (see 
ch. 5, sect . B) . 

For all orders higher than the first, the pertinent boundary , 
conditions are homogeneous (4.8) . These homogeneous boundary condi- 
tions apply to all components of the various orders, -^Fj.? i^j; and. will 
not be listed below. 


Energy equation: 


A. FIRST ORDER, (hwo - l ) 1 
1G1" + [doFoliGi' = 0 


(Bl) 
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Moment-urn equation: 


Fi'** + [F Q ]F i" - [Fo'lF!* + [F 0 "]Fx 

= (Si)[F 0 - ,,, (l - 1 G 1 ) - V xCV] + ( 6 1 )[-(l/ 2 ) 1 G 1 ] 

(B2) 

Fi = (g^iFi + (&i) s Fi ( B 3) 

Boundary conditions for the first-order equations are given by 
equations (4.8a), (4.8b), and the right sides of (4.8d,e). 

B. SECOND ORDER, (hwo - l) 2 

Energy equation: 

G 2 " + [a 0 F 0 ]G 2 ' = (%){ 2 [ iGi"(l - x G x) - (i^i') 2 ]} + (gi)(- 2 a 0 xGx* iF x ) 

+ (&i)(-2a 0 iGi 1 2 Fx) + (2 ffl )(-F 0 jfii') W 

G 2 = (mj.) iG 2 + (gi) 2 G 2 + (£>x) 3 G 2 + (2 cti) 2 Gi ( b 5) 


( 2 Gi is the one exception to our nomenclature system. It retains the 
second-order boundary condition, 2 Gi(0) = 0 (see ch. 4, sect. E) . ) 


Momentum equation: 

F 2 '” + [F 0 ]F a " - [F 0 ']F 2 t + [F 0 "]F 2 

= (g 2 ) | -2 xGx xGx’ Fo" + Fo”’[l - (i g i) 2 U + (B s ) [ -(l/2) (xGi) 2 ] 

+ (5 1 2 )[-(l/2) 3 G 2 - 2 2 Fx aFi" + ( 2 Fx') 2 ] + KgjC-Fo" xG 2 ' 

- F 0 xG 2 ) + ( gl 2 )[-F 0 " sGa’ - F 0 ,M 2 G 2 ' 2 ” 2 lGl 

- 2F 0 " 1 F 1 - 2F 0 iFi" + 2F 0 ' iFi’ - 2 1 F 1 lFx" + (iFi') 2 ] 

+ (gi5i)t" F o" 3G 2 ’ - F 0 m 3 G 2 ' 2 1 G 1 ' sFi" “ 2 x G x 2 Fi ,n - (l/2) 2 G 2 

- 2 X F X aFi” - 2 2 Fx iFx" + 2 xF x ’ 2 Fx’ + 2 2 F i ] 

+ (m 1 S 1 )[-(l/2) 1 G 2 ] + (gxCTx)C ] + ^ 5lCTl)[ ] ^ B6) 


127 



Fs = (gj 2 ) 1^2 + (glSi)2F 2 + (Sl 2 )3F 2 + (52)4^2 + (62)5^2 

+ (giCi)a^2 + (6i0'i)bl p 2 + (®iSi ) c-^2 + ( m iSi)dF2 (B 7 ) 

C. THIRD ORDER, (hwo - 1)3 

Energy equation: 

G 3 " + [ct 0 Fo]G 3' = (me)(-3j2 iGx(iGx’) 2 + iGi"[(iGx) 2 - l] 

+ (mx 2 ) {-3 [iG 2 ’ (2 xGi + cr 0 F 0 ) + x Gx iG 2 " + 1 G 1 " iG 2 ]} 

+ (mig-L)! -3[2 g 2 1 ( 2 iG x 1 + cr 0 F 0 ) + iG x 2 G 2 " + 1 G 1 " 2 G 2 

+ 2 Gq iGi’ 1 F 1 + cr 0 iGi 1 C F 2 + a Q 1 F 1 iG 2 , ]| 

+ (mx&x) { ~3[ 3 G 2 1 (2 iGi' + cr 0 F 0 ) + x G x 3G 2 " + 1 G 1 " 3G 2 

+ 2a o iGx’ 2 F x + cr Q iGi’ d^2 + CT o 2^1 1G2']} 

+ (g 2 )(-3d'o iGi' 4D 2 ) + ( &2 ) ( ”3^0 lGl* 5F 2 ) 

+ ( 5x 2 ) [ -3cr o ( 1 G 1 ' 3F 2 + 2 Fi 3G 2 ’ ) ] 

+ (g x 2 ) [ -S^oCiGi* iF 2 + iF x 2 G 2 ' ) ] 

+ (gi^i) [ - 3<^o(iGi 1 2^2 + 1 F 1 3G 2 ' + 2 F x 2 G 2 ' ) ] 

+ (miai)[ ] + (g x ai)[ ] 

+ (63 a ± )L ] + (a x 2 )[ ] (B8) 

Gs = ( m i) 1G3 + (m 1 g 1 ) 2 G 3 + (g 2 ) 3 G 3 + (gi&i) 4G3 + (6f) 5 G 3 + (m 1 B 1 ) s G 3 
+ (m 2 ) 7 G 3 + ( S 2 ) 8 G 3 + (g 2 )aG 3 + (mxCTi)bG 3 + (gx0x)cG 3 
+ (BxCTx)dG 3 + (cf)eG 3 (B9) 
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Momentum Equation: 

F 3 + [f 0 ]f 3 " - [F 0 *]F 3 » + [Fo"]F 3 

= (g3){-3(iG!) 2 iGx F 0 " + F 0 »'[l - (iGx) 3 ]} + (rn lg2 )[(-3 iG^ F 0 ” 

- 3 iGx F 0 "')iG 2 - 3 1 G 1 F 0 " iG 2 '] + (g x g 2 ) [ ( -3 iGx' F 0 " 

- 3 xGx F 0 "’) 2 G 2 - 3 xGx F 0 " 2 G 2 ' + (-6 xGx xGx' - 3F 0 )iFx" 

- 3(xGx) 2 xFi'" - 3F q " xFx + 3F 0 ' xFx' - F 0 " a Ga ' - F 0 '" a G 3 
+ (-3 xGx' - 3F 0 )4F 2 " - 3 xGx 4F 2 '" - 3F 0 " 4 F 2 + 3F 0 ’ 4 F 2 ' 

- 3 xFx" 4 F 2 - 3 xFx 4 F 2 " + 3 iF x ' 4 F 2 '] + (g 2 Sx)[(-3 xGx* F 0 " 

. - 3xGx F 0 '") 3 G 2 - 3 xGx F 0 " 3 G 2 ' + (-6 xGx xGx' - 3F 0 ) 2 Fx" 

- 3(xGx) 2 2 Fx'" - 3F 0 " 2 F x + 3F 0 ' 2 Fx* - (3/2) iG x - 3 aFx" 4 F 2 

- 3 2 Fx 4 F 2 " + 3 2 Fx* 4 F 2 ' - (l/2) a G 3 ] + (m 2 gx)(-F 0 " T G 3 ' - F 0 >" T G 3 ) 

+ (nix 2 gx) ( -F 0 " x G 3 ' - F 0 "' x G 3 ) + (mxgx 2 )[ - F 0 " S&3* - F 0 "' 2 G 3 

- 3 xFx" iG 2 - - 3 xFi"' xG 2 + (-3 xGx' - 3F 0 ) C F 2 " - 3 xGx cF 2 "' 

- 3F 0 " cF 2 + 3Fo' cF 2 ' - 3 xFx" cF 2 - 3 xF x cF 2 " + 3 iFx cF 2 1 ] 

+ (mxgx5x)[-F 0 " sG 3 ' - F 0 "' 6 G 3 - 3 2 Fx" xG 2 ' - 3 aFx"* x G 2 

- (3/2) xGg + (-3 iGx’ - 3F 0 )dF 2 " - 3 xGx dF 2 "' 

- 3F 0 " d Fs + 3F 0 ’ dFs' - 3 xFx" dF 2 - 3 aFx" cF 2 

- 3 iFx d F 2 " - 3 2 Fx c F 2 " + 3 xFx' d F 2 ' + 3 aFx' C F 2 ' - (l/2) 2 G 3 ] 

+ (gx 3 )[-F 0 " 3G 3 ' - F 0 3 G 3 - 3 xFx" 2 G 2 ' - 3 xFx"' 2 G 2 + (-3 xGx' 

- 3F 0 )xF 2 " - 3 xGx xF 2 - 3F 0 " xF a + 3F 0 * iF a » - 6j.Fi xFx" 

+ 3(xFx') 2 - 3 iFx" xF a - 3 xFx xF 2 " + 3 xFx’ iF 2 ' ] 

+ (Sx 2 3i) f -F 0 " 4 G 3 ' - F 0 ”> 4 G 3 - 3 xFx" 3 G 2 1 - 3 2 Fx" 2 G 2 > 

- 3 iFx’" 3 G 2 - 3 aFx ,n 2 G 2 - (3/2) 2 G 2 + (-3 iGi* - 3F 0 ) 2 F 2 ” 

- 3 xGx 2 F 2 "' - 3F 0 " 2 F 2 + 3F 0 ' 2 F 2 > - 6 xFx 2 Fx" - 6 2 Fx xFx" 

+ 6 xFx> aFx’ - 3 xFx" 2 F 2 - 3 aFx” xF 2 - 3 iF x 2 F 2 " - 3 2 F x xF 2 " 

+ 3 xFx’ 2 F 2 ’ + 3 aFx’ xF 2 ' - (l/2) 3 G 3 ] + (gx5x 2 )[ -F 0 ” 5 G 3 ’ - F 0 '" 5 G 3 

- 3 2 Fx" 3 G 2 ' - 3 2 Fi"' 3 G 2 - (3/2) 3 G 2 + ( -3 xGx ' - 3Fo) 3 F 2 " 

- 3 xGx 3 F 2 ’" - 3F 0 " 3 F 2 + 3F 0 ' 3 F 2 ' - 6 2 Fx 2 Fx" + 3( 2 Fx’) 2 

- 3 xFx" 3 F 2 - 3 aFx" 2 F 2 - 3 xF x 3 F 2 ” - 3 2 F X 2 F 2 ” +3 xFx* 3 F 2 ’ 

+ 3 2 Fx» 2 F 2 '- (1/2) 4 G 3 ] + (gi& 2 ) [ -F 0 " 8 G 3 1 - F 0 "> bG 3 + (-3 xGx' 

- 3F 0 ) 5 F 2 " - 3 xGx 5 F 2 "' - 3F 0 " 5 F 2 + 3F 0 ’ 5 F 2 ’ - (3/2)(xG x ) 2 

- 3 xFx" 5F 2 - 3 xF x 5F 2 " + 3 xFx 1 5F 2 ' - (3/2) X G X 2 G 2 ] 

+ (8x5 2 )[-3 2 Fx" 5F 2 - 3 2 F x 5F 2 " + 3 2 Fx’ 5 F 2 ’ - (3/2) x Gx 3 G 2 

- ( l/2 ) a G 3 ] + (5 x 3 )[-3 aFx" 3 F 2 - 3 2 Fx 3 F 2 " + 3 2 Fx> 3 F 2 > 

- (1/2)sG 3 ] + (m 1 8 1 2 )[-3 2 Fx" d F 2 - 3 2 F X d F 2 " + 3 2 Fi’ dF 2 ’ 

_ (l/2)aG 3 ] + S 3 [ -(l/2) ( xG x ) 3 ] + (ffliSg) [ “(3/2) xGx xG 2 ] 

+ (m 2 S x ) [ ~(l/2) 7 G 3 ] + m x 2 5x[ -(l/2) x G 3 ] + (nixSx^iH ] 

+ (mx5xCTx)[ ] + (gx 2 crx)[ ] + (g x o r x 2 )[ ] + (gx 5 x^x)[ ] 

+ (&x 2 crx)[ ] + (S>x cr x 2 )[ ] + (g 2 °x)( ] + (^ 2 °x)[ ] 


(BIO) 
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F3 = (Sl 3 )!^ + ( ^2_ 3 ) 2-^3 + (Sl 2 8x ) 3-^3 + (gl 8 x 2 ) 4 F 3 + (gn^^^h 
+ ( 81^2 ) 6^3 + (8281)7^3 + (8182)8^3 + (83)9^3 + ( 83 ) 1 0-^3 
+ (miS 2 )a - F 3 + ( m 2 Si)b ^ 1 3 + (mi 2 gi) c I p 3 + (mi 8 i 2 )d F 3 + (m 1 g 1 & 1 ) e F 3 
+ (mi 8 1 2 )fF 3 + (m 1 62 )gF 3 + (m 28 i)hl p 3 + (mx 2 &x)iF 3 + (m 1 gxO'i) jB 3 

+ (m 1 B 1 ai)kF 3 + (gi 2 a 1 ) l F 3 + (giOx 2 )^ + (gx 8 xtfi)n F 3 + (8x 2 ax)oF 3 
+ (&- L a 1 2 )pF3 + (g2°'i)q F 3 + (&2 cr i)rF3 (Bll) 

D. FOURTH ORDER, (hwo - l) 4 

Starting with the fourth order, only significant terms are being 
retained on the right-hand sides, so the equations will be shorter (see 
fig. l). Also the gas -property polynomials are terminated at the third 
degree, so terms with higher than third-order gas -property parameters 
will not appear. 

Energy equation: 

G 4 " + [a 0 F 0 ]G 4 ' 

= ( 1 F 3 H -MiGi) 3 iG;l" - 12(iGi) 2 ( 1 G 1 ’ ) 2 - 4cr 0 F 0 1 G 1 ' ] 

+ (nixing ) [ -4 1G1 7G3" - 4 1G1" 7G3 - 8 xGx' 7 G 3 1 _ ^(xGx) 2 iG 2 " 

- 12 xGx iGx" 1G2 ~ 24 xGx iGx’ xG2' - 12(xGx') 2 1^2' 

- cr 0 ( 4 F 0 7G3 f + 6 f 0 xG2 1 ) ] + ( 83 ) [ - 4 cr o xGx ' 10F3] + ( m 2°’i)( J 

(B 12 ) 

G 4 = (1D3) xG 4 + (mxni2)2G 4 + (8 3 )sG 4 + (m 2 ax)aG 4 (B 13 ) 

Momentum equation: 

F 4 "' + [F 0 ]F 4 " - [F 0 ']F 4 ' + [F 0 "]F 4 

= (glg3) [ "4 l F l" 9 F 3 - 4 xFx 9 F 3 " + 4 iFi» 9 F 3 1 - 4 xGx 9^3 ,U 

- 4 xGx' g F 3 ” - 4F 0 " 9 F 3 - 4Fq 9 F 3 " + 4F 0 ' 9 F 3 > - 4(xGx ) 3 1 F 1 1 " 

- 6f 0 ,m (iGx) 2 2G2 - ^Fo"(iGx) 2 2G2 1 - 12(xGx) 2 xGx' i F i" 

- 12 xGx 1 G 1 ' F 0 " 2 G 2 - W 1 F 1 - 4 F q xFi" + 4F 0 ' i F i'J 

+ (Sx& 3 )[-4 2 F l" 10 F 3 - 4 2^1 X 0 F 3 " + 4 2 F 1 * 10^3* - (l/2)3G 4 
“ 3(xGx) 2 3 G 2 ] + (g3<Jl)[ ] + (S 3 ffx) [ ] + (glS 2 cr l)[ ] 

+ (&x 8 2 ct i)[ ] (Bl4) 

F 4 = ( 8183 ) 1^4 + ( 8 x 83 ) 2^4 + (S30'i)aF4 + (83ax)bF 4 + (gi&2C f i)c F 4 

+ (Sx 82 ai)dF 4 (B15) 
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E. FIFTH ORDER, (hwo - l ) 5 


Energy equation: 

G 5 " + [aoFoJGs 1 

= (mim3 ) [ -5 iGx 1 G 4 " - 5 iG-i" 1 G 4 - 10 xGx T xG4 r - 5cr qFq 1 ^ 4 * 

- 10(xGi) 3 iG 2 " - 30(iGi ) 2 iGx" iG 2 - 60 (xGx ) 2 xGx' iG 2 ’ 

- 60 iGi(xGi') 2 iG 2 - 10a o F o iG 2 '] + (mim 2 ai)[ ] 

+ ( 1113a 1) [ ] ' (Bl 6 ) 

G 5 = (mim3)iG5 + ( m i m aai)aG5 + (ni3ai)bG5 (B17) 

Momentum equation: 

Fs’" + [F 0 ]F 5 " - [F 0 ' ]F 5 ' + [F 0 " ]F 5 

= (gags) [-10 9 F 3 " 4 F 2 - 10 4 F 2 ” 9 F 3 + 10 4 F 2 1 9 F 3 ’ - lO^Gx) 2 9 F 3 ’" 

- 20 xGx 1 G 1 1 9 F 3 " - 10F o " 9 F 3 - 10F o 9 F 3 " + 10F o ' 9 F 3 ' 

- 10(iGi) 3 4 F 2 - 30(xGx ) 2 1 G 1 ' 4 F 2 " - 10Fo" 4F 2 - 10F o 4 F 2 " 

+ 10F o ' 4 F 2 '] + (gxg 3 ax)[ ] + ( 6 xB 3 ax)[ ] (Bl 8 ) 

F 5 = ( S 2 S 3 ) 1 F 5 + (gig3ax)aF5 + (5xB 3 ax)bFs (B19) 

F. SIXTH ORDER, (hwo - l) s 


Energy equation: 

Ge" + [aoFolGe' 

= (m 2 m3) [ - 15 (xGx) 2 1G4" - 30 iGx iGx" 1G4 - 60 x Gx iGx' iG4 T 

- 30 (xGx') 2 xG 4 - 20 (xGx ) 3 7G3" - 6o(xGx) 2 iGx" 7G3 

- 120 ( iG 1 ) 2 xGx' 7G3’ - 120 xGi(iGi') 2 7G3 - a 0 (l 5 F 0 xG 4 ' 

+ 20 F o 7G3 ’ ) ] + (mxm3ax)[ ] (B 20 ) 

G 6 = ( m 2 m3 ) xGg + (mxm 3 ax) a Gs (B 21 ) 
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Momentum equation: 

F a m + [F 0 ]F S " - [F 0 ' ]F S ' + [F 0 "]F 6 

= (glS2S3)[-6 1G1 1F5" 1 - 6 !&! ' iFs" - 60 g F 3 " 4 F 2 - 60 4 F 2 " 9F3 

- 6Fq" x F 5 - 6f q 3.F5" + 60 4 F 2 ' 9 F s > + 6 f o > 3.F5 1 - 15 (iGi) 2 iF 4 ”' 

- 60 1G1 2 G 2 gF 3 ,M - 60 4 Gi 2 G 2 ' 9F3" - 30 1G1 iGi* iF 4 " 

- 60 2 G 2 xGx' 9 F 3 " - 60 xFi" 9 F 3 - 15 F 0 " x F 4 - 60 xFx 9 F 3 " 

- 15 F q xF 4 " + 60 xFx* 9F3' + 15 F 0 * iF 4 * - 20 (xGx) 3 5F3 

- 90 (xGx) 2 2 G 2 4 F 2 '" - 60 (xGx) 2 x Gx' 5F3" - 90 (xGx) 2 2 G 2 ' 4 F 2 " 

- l 80 x Gi 2G2 iGx' 4;F 2 " - 60 xFi" 4 F 2 - 20 F o " 5F3 - 60 x F x 4 F 2 " 

- 20 F o 5F3" + 60 xFi' 4 F 2 ’ + 20 F o ' 5 F 3 ' - 15 iF 4 " 4 F 2 

- 20 5F 3 " 9F3 - 20 9 F 3 " 5F3 - 15 4 F 2 " x F 4 - 6 xFi" 1F5 

- 6 x Fx 1F5" + 20 5F3 1 9F3 ' + 15 4 F 2 ' x F 4 ' + 6 x Fi ’ iFs 1 ] 

+ (g2S3^i)[ ] (B 22 ) 

F s = (glg2g3)lF S + (g2g3CTl)a F 6 ( B2 3) 

G. SEVENTH ORDER, (hwo - l ) 7 


Energy equation: 

G 7 " + [croFolGy 1 

= (mxm 2 m 3 )[-7 iG x iG 6 " - 35 7 G 3 1 G 4 " - 35 iG 4 7 G 3 " - 7 iGe iGx" 

- 70 7 G 3 1 x G 4 ' - 1^ iG x ' iGg 1 - 2l(xGx ) 2 1 G 5 " - 105 iGx iG 2 xG 4 " 

- 105 iG x 1 G 4 XG 2 " - 1+2 x G x 1 G 5 xGx" _ 210 x Gi iG 2 ' iG 4 ' 

- 81+ x Gi iG x ' iGs’ - 105 iG 2 x G 4 iGx" - 210 x^s. 1 G 1 ' iG 4 ' 

- 210 xG 4 1 G 1 * iG 2 ' - 1+2 xG 5 (xGi ’) 2 - 35(iGx ) 3 2 G 4 " 

- 210( x Gx ) 2 iG 2 7 G 3 " - 210( x Gx ) 2 7 G 3 xG 2 " - 105(iGx ) 2 2 G 4 iGx" 

- 1+20 ( x Gx ) 2 iG 2 ’ 7 G 3 ' - 210(xGx ) 2 x Gi ' 2 G 4 ' - 1+20 x Gi 1 G 2 7 G 3 iGx" 

- 81+0 x Gi iG 2 x Gi 1 7 G 3 ' - 81+0 x Gi 7 G 3 xGi' 1 G 2 ' - 210 X G X 2 G 4 (iG x ') 2 

- 1+20 xG 2 7 G 3 (iGi ’) 2 - a 0 (7F 0 iGe* + 21 F Q xG 5 ’ + 35F 0 2 G 4 ’ )] 

+ (5x&25 3 )[-a 0 (35 3G 4 ' 8 F 3 + 35 8 G 3 ' 2 F 4 ) ] + (n 2 m 3 cTx)[ ] (B2l+) 

G 7 = (mxm 2 m 3 )xG7 + (Bx&2S 3 )2G7 + (m 2 m 3 crx)aG7 (B25) 
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Momentum equation: 

F T m + [F 0 ]Fy" - [Fo']F t ' + [F 0 "]F 7 = (gig 2 g 3 (Ti)[ 

F t = (gig2S3CJi)aFT 


H. EIGHTH ORDER, (hwo - l) 8 


(B2 6) 
(B27) 


Energy equation: 

Os" + [cr 0 F 0 ]G S ' = (m 1 m 2 m 3 CT 1 )[ ] (B28) 

Os = ( mim 2 ni30 i ) a Ge (B29) 

An eighth -order momentum equation was not used as the series expansion 
for F, equation (5-4), was terminated with the sixth order (and the 
seventh -order term, a Fy, was moved to the sixth order and approximated). 
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APPENDIX C 


ASYMPTOTIC SOLUTION OE THE HOMANN EQUATION 

The equations that we have solved numerically ((4.12), (4.13), 
and (4.14) ) all have a boundary condition at infinity (4.8d,e) . In 
solving these equations on a computing machine it is necessary to 
replace infinity by some large number and to set the outer boundary 
condition at this value of the independent variable, T] . The most crit- 
ical of the equations is the zero -order momentum (Homann) equa- 
tion (4.12), since its solution furnishes coefficients which appear on 
the left sides of all the higher -order equations. The value of rj at 
which one sets the outer boundary condition will depend on the accuracy 
of the solution desired. In this appendix we will form an asymptotic 
solution to the Homann equation for large r| in order to gain an idea 
of the value of r| at which we can assign the outer boundary condition. 

A. ASYMPTOTIC SOLUTION 

To form the asymptotic solution to the Homann equation (4.12) with 
its boundary conditions (4.8a and the left side of 4-8d), we will let: 

(Cla) 
(Clb) 
(Clc) 
(Cld) 

where f a is as defined in equation (Cla). This is a logical 
formulation, as we know, from the boundary conditions that f a (co) will 
be a finite number and the derivatives, f a '(a>), f a "(oo), and f a m (co) 
will all vanish asymptotically. 

We substitute (Cl) into (4.12) and use (4.8a and the left side of 
4.8d) and obtain: 

f a m + Ti(l - ^)f a " - f a ’ + | (V) 2 = 0 (C2) 


F 0 = 4 - f. 


a 


r o 

F 0 " 


1 - fa’ 


-fa” 


F 0 ,n 


-fa’" 


13^ 



with the boundary conditions: 


f a (0) = 0 f a '(0) = 1 f a * (oo) = 0 (C3) 


For large r\ values we see that the nonlinear terms in equation (C2) 
will become very small. We neglect these terms and obtain the linear 
equation: 

+ nfas" - W = 0 (C4) 


where f as is defined as the solution to equation (C4) . The boundary 
conditions are still given by (C3) • 

Equation (C4) is actually a second-order equation since there is 
no f as term. It has the solution: 


f as - 



(C5) 


where we define : 


erf(t) = -jL 



dti 


so that : 


erf(oo) = 1 



2 

'/•it" 




dti 


Then, using equation (Cla), we have for the asymptotic solution 
to equation (4.12): 


(Fo)as =11 -J§ 




dr^ + erf 




(C6a) 


(Fo’) 


as 





(c6b) 
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The function given by equation (C6) satisfies the original boundary 
conditions (4.8a and the left side of 4.8d), but it -will not satisfy 
the Homann equation (4.12) for small r| values. 


B. SELECTION OF MAXIMUM VALUE OF INDEPENDENT VARIABLE 


For large rj values we can write: 


(Fq ' ) as = 1 “ error = 1 " f as T 


(07) 


Then from (c6b) or (C5) 


error = f aB ’ = / o 4 


erf 




- 1 


+ e 


~( n 2 /z) (c8) 


For large arguments we can use an asymptotic formula for erf(t) 
(ref. 18, p. 120): 


erf(t) = 1 - 
Then we have: 


e -t _1_ 1-3 1-3-5 + 

tsI7 L 2t 2 (2t 2 ) 2 (2t 2 ) 3 


er <7t) ' 1 


,-(t) 2 / 2 ) 


1 - — + 

tW(*/2) ^ V s 7 4 


l , 1-3 1-3-5 


+ • • 


(09) 


(CIO) 


Substituting (CIO) into (C8) we have: 


error 



1-3 + 1-3-5 


(Oil) 


The IBM 709O computing machine will deliver eight significant 
figures (without using double precision methods). Using equation (Oil) 
we find that the smallest integer value of r] that produces a value of 
error < 10“ 8 is r] = 6* So we should expect to carry our solutions of 
equations out at least to rj = 6 - Referring to equation (Cla), we 
know (table I) that for large r ] , the value of f a becomes approxi- 
mately 0.8. Then in equation (C2) the term neglected in the coefficient 
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of the second term, f a /r| , would have the approximate value, 0.8/6 ~ 0 . 13 . 
This is not really negligible compared to unity. If we extend the max- 
imum value of t] to t) = 10, the neglected term, f /t], has the value 
0.8/10 ** 0.08. This is small but still not negligible compared to 
unity. 

In spite of this indication, for our maximum t], we will try the 
value t] = 10. This selection is somewhat arbitrary, but it turns out 
to be a satisfactory value. The important factor is to observe that all 
the universal functions attain values very close to their asymptotes for 
rj < 10. This condition is seen to be satisfied in table I. 
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APPENDIX D 


EFFECT OF VARIATION OF POLYNOMIALS APPROXIMATING THE GAS PROPERTIES 

In chapter 5, section E, it is noted that there are several ways 
of fitting polynomials to the gas properties, m, g, and 5, and the use 
of different methods can result in different combinations of coeffi- 
cients in the polynomials. We want to determine the effects on final 
answers of the use of different polynomial representations. To do this 
we will form polynomials with different shapes and check the effect of 
shape on our calculated results. 

In table D-lare tabulated a number of cases with different values 
of the parameters, mi, g-j_, and Sq. These parameters were selected to 
give a wide variation in the m(G), g(G), and S(G) functions, but each 
family has a common value at G = 0. Cases with hwo = 0 will show 
the effects of varying the shapes of the gas- property curves repre- 
sented by the polynomials. For each family of polynomials the extreme 
spread of the curves is shown plotted in figure D-l. The polynomials 
not plotted fall between these extremes. 

The cases tabulated in table D-l are not intended to represent any 
real gas (this is done in ch. j). These hypothetical cases are for the 
purpose of demonstrating the effect on our calculated results of a 
variation in the gas-property parameters, and to gain an idea of the 
requirements for accuracy of representation of gas properties by poly- 
nomials . 

The values of G'(0) and F"(0) shown in table D-l were calculated 
by our method of series expansions. It is seen that the variation in 
wall values of G'(0) and F"(0) is less than one might expect. The 
m i> Si, and Si cases have been used as references to tabulate the 
percentage changes in G'(0) and F"(0) for hwo = 0. The percentage 
changes in G'(0) and F"(0) for the cases with hwo =0.2 and 0.5 have 
not been tabulated but they are closer together than the hwo = 0 cases. 
The differences in G'(0) and F"(0) for the cases with hwo = 0.2 and 
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TABLE D-l . - EFFECT OF VARIATION OF GAS -PROPERTY POLYNOMIALS 


(a) cases 
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TABLE D-l. - EFFECT OF VARIATION OF GAS-PROPERTY POLYNOMIALS - Continued 

(b) gj_ cases 


Case 

hwo 

G'(0) 

0.4834 

.3867 

.2417 

F"(0) 

O.8725 

.8779 

.8877 

Percent change 
in G»(0), 
from g! case 

Percent change 
in F"(0 ) , 
from g! case 

0 

- 6.o 

Bx = -1.0 

0 

.2 

.5 

0 

g 2 = 2.0 

0 

.2 

•5 

.1*831 

.3865 

.21+16 

.8205 

.8591 

.9009 

close 


0 

• 1*831 

.7926 

close 

-9.2 

g 3 = -6.0 

•2 

.3865 

.8585 




•5 

.21+16 

.9108 



81, S2 

0 

.1833 

• 8453 

close 

-3-1 

Bi = -0.5 

.2 

. 3866 

.8641 



82 = 1.0 

•5 

.21+16 

.8905 



81 , 83 

0 

.1*833 

• 8334 

close 

-4.5 

Bi = -0.5 

.2 

. 3866 

.8635 



g 3 = -3-0 

•5 

.2416 

.8918 



82 s 83 

0 

.4831 

.8255 

close 

-5-4 

8s = 1.0 

.2 

.3865 

.8650 



g 3 = -3-0 

•5 

.2416 

.9064 



Si 9 §2 y §3 

0 

.4833 

.8337 

close 

-4.45 

si = -1/3 

.2 

.3866 

.8626 




8962 






0.5 are due not only to differences in the shapes of the gas -property 
curves, hut also to the different values of the gas properties at the 
wall. 

The effect of varying the gas -property polynomials is to change the 
coefficients of the universal functions in equations (5-3) and (5-4). 

The coefficient of one universal function will he increased at the 
expense of another, hut these universal functions have approximately the 
same shape and they have the same outer boundary conditions (fig. 2). 

The greatest effect of a variation in gas-property polynomials is on the 
wall derivatives as tabulated in table D-l. With this type of varia- 
tion, if the wall derivatives are close in value, the functions G(t]) 
and F'(ri) have almost the same values through the boundary layer. 

It is easy to make the calculations to show the effects on G' (0) 
and F"(0) of a variation of the gas-property parameters. One simply 
inserts different values of the parameters in equations (5*5) and (5-6). 
Combinations of the parameters can be adjusted in such a way as to main- 
tain the wall values of the gas properties unchanged (table D-l with 
hwo = 0), or the parameters can be adjusted to change the shapes of the' 
gas -property curves and the wall values as well (table D-l with 
hwo =0.2 and 0.5). This latter type of variation is of interest as it 
may be desired to use one writing of the gas- property polynomials for a 
number of cases with different hwo values, and there may be values of 
hwo at which the fit of the polynomials to the actual gas properties is 
less than ideal. The cases in table D-l with hwo = 0.2 and 0.5 show 
only a small variation in G'(o) and F"(0). For these cases the 
extremes of the spread of gas properties at the wall are seen in fig- 
ure D-l (at G = 0.2 and 0.5)- 

'We can conclude that our calculated results are not overly 
sensitive to the selection of the gas-property polynomials used. Equa- 
tions (5*3) through ( 5 . 6 ) have large terms which do not depend on the 
gas properties. Also the sensitivity to the polynomials selected 
decreases to zero as hwo approaches unity. 

The spreads of the variations in the shapes of the gas- property 
curves shown in figure D-l are quite extreme. A reasonable attempt to 
match gas properties with polynomials should fall well within this 
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spread. The matching can he made very close for flight in the earth's 
atmosphere at free -stream Mach numbers up to about 5 • The matching 
becomes progressively more difficult with increasing Mach numbers. 

Some examples of this are shown in chapter 7 • While it is apparently 
not crucial, it seems desirable to correctly match the wall values of 
the gas properties when it is convenient to do so. 
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APPENDIX E 


SUMMARY OF WORKING FORMULAS VALID IN THE VICINITY 
OF THE STAGNATION POINT 

The stagnation -region working formulas are listed in table E-l. 
Most of the formulas have been machine programmed as indicated by- 
asterisk symbols in the table. Parameter limits used for the series 
truncations are shown. Parameter values selected for use should 
generally be kept within these limits. The limit, hwo equal to zero, 
is, obviously, not physically realizable. 

TABLE E-l.- STAGNATION -REGION WORKING FORMULAS 


Quant ity 
be determined 

Equation number 

G,G ' ,G" 

5 - 3 * 

F,F' ,F" ,F m 

5 - 4 * 

G'( 0 ) 

5 . 5 * 

F" ( 0 ) 

5 . 6 * 

| or x 

6.3 

a a. or (du e /d x ) ( X=Q ) 

6 . 4 , 6 . 5 , or 6.6 

y 

6.8* 

y AP 

6.12* 

y P 

6.12* (6! = 1) 

P v 

6 . 14 * 

P 

6.15* 


6 . 16* 

p AP 


P p 

6.16* (&-!_ = 1) 

V 

6.17 or 6 . l8* 

V AP 

6.l8 and 6.19* 

Vp 

6.l8 and 6.19* (S-l = 1) 

5* 

6 . 23 * 

5 *ap 

6 . 25 * 

* 

00 

6 . 25 * ( 5 -l = 1 ) 
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TABLE E-l. - STAGNATION -REGION WORKING FORMULAS - Concluded. 


Quantity to 
be determined 

c fe ^ 

Cf w n/Rw 

Q w 

Nu^/n/ Rw 
St w Jrw 


Equation 

number 

6.4r* 

6.42* 

6 . 56 * 
6.57* 
6. 58* 


*Formulas are machine programmed 

Basic formulas 

G = h Q = H 0 /H s t 
F' = f Q * = u/u e 
u e * (du e /d x )( x=;0 )x 
u e ~ 2Hst a x | 

Gas- property polynomials 

" ( 0 ) -Tpfc - 1 + ^ (9 - 1, + ^ (0 - 1) ‘ + ? (0 - 1)a 

(5-7a) 

g(G) = 777^“ = 1 + gx (G - 1) + ¥ (G - l) 2 + (G - I ) 3 

( 5 . 7 b) 


5(G) = = 1 + &! (G - 1) + (G - l) 2 + ^ (G - l) 3 


(5.7c) 


Parameter limits used for series truncations 


0 < hwo < 1 
0 < m^hwo - 1) < 1.0 
0 < g 1 (hwo - 1) <1.5 
-1.0 < S 1 (hwo - 1) < 0 
0 < m 2 (hwo - l) 2 <1.5 


0 < g 2 (hwo 
-0.4 < 6 2 ( hwo 
0 < m 3 (hwo 
0 < g 3 (hwo 
- 1.2 < 5 3 (hwo 


l ) 2 < 2.0 

l) 2 < 0 
l) 3 < 4.5 

l ) 3 < 6.0 

l) 3 < 0 
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TABLE I . - AXISYMMETRIC STAGNATION- POINT UNIVERSAL FUNCTIONS 


a Q - 0-75 


V 

F o 

F o 

' 

f m 

r 0 

p.n 

r 0 

, F I 

(g,) 

, F i 

F " 

l r l 

f ,m 

l r i 

Q - 

0 . 

0 . 

0.92768 

- 0.50000 

G . 

L . 

- 0.12761 

0.44818 

O.OIOOO 

0.00005 

0.00925 

0.92268 

- 0.50000 

- 0.00001 

- 0.00125 

- 0.12315 

0.44335 

0.02000 

0.00018 

0.01845 

0.91768 

- 0.50000 

- 0.00002 

- 0.00246 

- 0.11874 

0.43852 

0.03000 

0.00042 

0.02761 

0.91268 

- 0.50000 

- 0.00006 

- 0.00363 

- 0.11438 

0.43368 

0.04000 

0.00074 

0.03671 

0.90768 

- 0. 50000 

- 0 . G 0 U 10 

- 0,00475 

- 0.11007 

0.42885 

0.05000 

0.00115 

0.04576 

0.90268 

- 0.49999 

- 0.00015 

- 0.00583 

- 0.10580 

0.42401 

0.06000 

0.00165 

0.05476 

0.89768 

- 0.49998 

- 0.00021 

- 0.00687 

- 0. 10159 

0.41917 

0.07000 

0.00224 

0.06371 

0.89268 

- 0.49997 

- 0.00029 

- 0.00786 

- 0.09742 

0.41432 

0.00000 

0.00293 

0.07261 

0.88768 

- 0.49996 

- 0.00037 

- 0.00882 

- 0.09330 

0.40947 

0.09000 

0.00370 

0.08147 

0.88268 

- 0.49994 

- 0.00046 

- 0.00973 

- 0.08923 

0.40461 

0. 10000 

0.00456 

0.09027 

0.87768 

- 0.49992 

- 0.00057 

- 0.01060 

- 0.08521 

0. 39975 

0. 11000 

0.00550 

0.09902 

0.87268 

- 0.49990 

- 0.00068 

- 0.01143 

- 0.08123 

0. 39489 

0.12000 

0.00654 

0. 10772 

0.86768 

- 0.49987 

- 0.00079 

- 0.01223 

- 0.07731 

0. 39001 

0. 13000 

0.00766 

0.11637 

0.86269 

- 0.49983 

- 0.00092 

- 0.01298 

- 0.07343 

0. 38513 

0. 14000 

0.00886 

0 - 12498 

0.85769 

- 0.49979 

- 0.00105 

- 0.01369 

- 0.06961 

0. 38024 

0. 15000 

0.01016 

0.13353 

0.85269 

- 0.49974 

- 0.00119 

- 0.01437 

- 0.06583 

0. 37535 

0.20000 

0.01789 

0.17554 

0.82771 

- 0.49940 

- 0.00199 

- 0.01720 

- 0.04768 

0. 35076 

0.25000 

0.02769 

0.21630 

0.80275 

- 0.49083 

- 0.00290 

- 0.01916 

- 0.03076 

0. 32596 

0.30000 

' 0.03950 

0.25581 

0.77783 

- 0.49800 

- 0.00389 

- 0.02030 

- 0.01508 

0.30096 

0.35000 

0.05325 

0.29408 

0.75296 

- 0.49685 

- 0.00492 

- 0.02069 

- 0.00066 

0.27579 

0.40000 

0.06888 

0.33111 

0.72815 

- 0.49534 

- 0.00595 

- 0.02039 

0.01249 

0.25049 

0.45000 

0.08634 

0.36690 

0.70343 

- 0.49343 

- 0.00695 

- 0.01946 

0.02438 

0.22512 

0.50000 

0.10555 

0.40146 

0.67882 

- 0.49107 

- 0.00788 

- 0.01797 

0.03501 

0. 19977 

0.55000 

0.12646 

0.43478 

0.65433 

- 0.48823 

- 0.00873 

- 0.01598 

0.04436 

0. 17453 

0.60000 

0.14901 

0.46689 

0.63000 

- 0.40488 

- 0.00947 

- 0.01355 

0.05246 

0.14952 

0.65000 

0.17313 

0.49779 

0.60585 

- 0.48100 

- 0.01008 

- 0.01075 

0.05932 

0 . 12486 

0.70000 

0.19877 

0.52748 

0.58191 

- 0.47655 

- 0.01054 

- 0.00764 

0.06496 

0. 10068 

0.80000 

0.25435 

0.58330 

0.53477 

- 0.46590 

- 0.01097 

- 0.00072 

0.07268 

0.05432 

0.90000 

0.31528 

0.63447 

0.48881 

- 0.45283 

- 0.01067 

| 0.00674 

0.07594 

0.01158 

l . 00000 

0.38109 

0.68112 

0.-44420 

- 0.43735 

- 0.00962 

0.01433 

0.07516 

- 0.02645 

1. 10000 

0.45135 

0.72339 

0.40142 

- 0.41954 

- 0.00781 

0.02166 

0.07084 

- 0.05880 

1.20000 

0.52563 

0.76146 

0.36045 

- 0. 39955 

- 0.00530 

0.02840 

0.06361 

- 0.08472 

1.40000 

0.68461 

0.82585 

0.28498 

- 0. 35408 

0.00152 

0.03918 

0.04310 

- 0.11574 

L . 60000 

0.85503 

0.87610 

0.21915 

- 0.30361 

0.01006 

0.04541 

0.01912 

- 0.11982 

1.80000 

1.03424 

0.91420 

0.16365 

- 0.25137 

0.01937 

0.04693 

- 0.00338 

- 0. 10226 

2.00000 

1.22004 

0.94225 

0.11850 

- 0.20066 

0.02856 

0.04440 

- 0.02091 

- 0.07167 

2. 20000 

1.41061 

0.96225 

0.08310 

- 0. 15425 

0.03694 

0.03901 

- 0.03180 

- 0.03734 

2.40000 

1.60453 

0.97607 

0.05638 

- 0.11411 

0.04407 

0.03212 

- 0.03611 

- 0.00689 

2.60000 

1.80073 

0.98529 

0.03697 

- 0.00118 

0.04977 

0.02492 

- 0.03512 

0.01518 

2.80000 

1.99843 

0.99125 

0.02342 

- 0.05552 

0.05407 

0.01830 

- 0.03069 

0.02764 

3.00000 

2.19708 

0.99496 

0.01432 

- 0.03650 

0.05716 

0.01275 

- 0.02463 

0.03171 

3.20000 

2.39631 

0.99719 

0.00845 

- 0.02305 

0.05926 

0-00846 

- 0.01840 

0.02989 

3.40000 

2.59589 

0.99849 

0.00481 

- 0.01399 

0.06062 

0.00534 

- 0.01289 

0. 02487 

3.60000 

2.79567 

0.99921 

0.00264 

- 0.00816 

0.06146 

0.00322 

- 0.00851 

0.01883 

3.80000 

2.99556 

0.99960 

0.00139 

- 0.00457 

0.06196 

0.00186 

- 0.00533 

0.01320 

4.00000 

3. 19550 

0.99981 

0.00071 

- 0.00246 

0.06224 

0.00103 

- 0.00316 

0.00864 

4.20000 

3. 39547 

0.99991 

0-00035 

- 0.00127 

0.06239 

0.00054 

- 0.00179 

0.00532 

4.40000 

3.59546 

0.99996 

0.00016 

- 0.00063 

0.06247 

0. 00027 

- 0.00096 

0.00309 

4.60000 

3.79545 

0.99998 

0.00007 

- 0.00030 

0.06251 

0.00013 

- 0.00049 

0.00170 

4.80000 

3.99545 

0.99999 

0.00003 

- 0.00014 

0.06253 

0.00006 

- 0.00024 

0.00089 

5.00000 

4.19545 

1.00000 

0.00001 

- 0.00006 

0.06254 

0.00003 

- 0.00011 

0.00044 

5.20000 

4.39545 

l . 00000 

0.00001 

- 0.00003 

0.06254 

0.00001 

- 0.00005 

0.00021 

5.40000 

4.59545 

1.00000 

0.00000 

- 0.00001 

0.06254 

0.00000 

- 0.00002 

0.00010 

5.60000 

4.79545 

1.00000 

0.00000 

- 0.00000 

0.06254 

0.00000 

- 0.00001 

0.00004 

5.80000 

4.99545 

1.00000 

0.00000 

- 0.00000 

0.06254 

0.00000 

- 0.00000 

0.00002 

6.00000 

5 . 19545 

1.00000 

0.00000 

- 0.00000 

0.06254 

0.00000 

- 0.00000 

0.00001 

6.20000 

5.39545 

l . 00000 

0.00000 

- 0.00000 

0.06254 

0.00000 

- 0.00000 

0.00000 

6.40000 

5.59545 

1.00000 

- 0.00000 

- 0.00000 

0.06254 

0.00000 

- 0.00000 

0.00000 

6.60000 

5.79545 

1.00000 

- 0.00000 

- 0.00000 

0.06254 

0.00000 

- 0.00000 

0.00000 

6.80000 

5.99545 

l .00000 

- 0.00000 

- 0.00000 

0.06254 

0.00000 

- 0.00000 

0.00000 

7.00000 

6.19545 

l . 00000 

- 0.00000 

0.00000 

0.06254 

0.00000 

- 0.00000 

0.00000 

7.20000 

6.39545 

1.00000 

- 0.00000 

0.00000 

0.06254 

0.00000 

0.00000 

0.00000 

7.40000 

6.59545 

1.00000 

- 0.00000 

- 0. 00000 

0.06254 

0.00000 

0.00000 

- 0.00000 

7.60000 

6.79545 

1.00000 

- 0.00000 

- 0.00000 

0.06254 

0.00000 

0.00000 

- 0.00000 

7. 80000 

6.99545 

1.00000 

- 0.00000 

0.00000 

0.06254 

0.00000 

0.00000 

- 0.00000 

8.00000 

7.19545 

1.00000 

- 0.00000 

- 0.00000 

0.06254 

0.00000 

0.00000 

- 0.00000 

8.20000 

7.39545 

1.00000 

- 0.00000 

0.00000 

0.06254 

0.00000 

0.00000 

- 0.00000 

8.40000 

7.59545 

1.00000 

- 0.00000 

- 0.00000 

0.06254 

0.00000 

0.00000 

- 0.00000 

8.60000 

7.79545 

1.00000 

- 0.00000 

0.00000 

0.06254 

0.00000 

0.00000 

0.00000 

8.80000 

7.99545 

1.00000 

- 0.00000 

0.00000 

0.06254 

0.00000 

0.00000 

0 . OOuOO 

9.00000 

8.19545 

1.00000 

- 0.00000 

- 0.00000 

0 . 06, 54 

0.00000 

0.00000 

- 0 . 00 O 00 

9.20000 

8.39545 

1.00000 

- 0.00000 

0.00000 

0.06254 

0.00000 

0.00000 

U.OOoOO 

9.40000 

8.59545 

1.00000 

- 0.00000 

- 0.00000 

0.06254 

0.00000 

0.00000 

0.00000 

9.60000 

8.79545 

1.00000 

- 0.00000 

0.00000 

0.06254 

0.00000 

0.00000 

0.00000 

9.80000 

8.99545 

1.00000 

- 0.00000 

0.00000 

0.06254 

0.00000 

0.00000 

0.00000 

10.00000 

9. 19545 

l . 00000 

- 0.00000 

- 0.00000 

0.06254 

0.00000 

0.00000 

0.00000 
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2 F I 

( 8 ,) 

2 f ; 

2 ' I 

2 M 

l F 2 

(g?) 

l F 2 

f " 

r 2 

F'" 

rz 

0 . 

0 . 

0 . 

0.34254 

- 0.50000 

0 . 

0 . 

0.23707 

- 1.01873 

0.01000 

0.00002 

0.00340 

0.33755 

- 0.49758 

0.00001 

0.00232 

0.22698 

- 1.00048 

0.02000 

0.00007 

0.00675 

0.33259 

- 0.49517 

0.00005 

0.00454 

0.21706 

- 0.98238 

0.03000 

0.00015 

0.01005 

0.32765 

- 0.49275 

0.00010 

0.00666 

0.20733 

- 0.96441 

0.04000 

0.00027 

0.01330 

i 0.32273 

- 0.49033 

0.00018 

0.00869 

0.19778 

- 0.94657 

0.05000 

0.00042 

0.01651 

0.31784 

- 0.48791 

0.00028 

0-01062 

0.18840 

- 0.92887 

0.06000 

0.00060 

0.01966 

0.31298 

- 0.48548 

0.00039 

0.01246 

0 . 17920 

- 0.91130 

0.07000 

0.00081 

0.02277 

0.30813 

- 0. 48306 

0.00052 

0.01420 

0.17017 

- 0.89387 

0.08000 

0.00105 

0.02582 

0.30332 

- 0.48062 

0.00067 

0.01586 

0.16132 

- 0. 87656 

0.09000 

0.00133 

0.02883 

0.29852 

- 0.47819 

0.00084 

0.01743 

0.15264 

- 0.85938 

0. 10000 

0.00163 

0.03179 

0.29375 

— 0- 47574 

0.00102 

0.01891 

0 . 14413 

- 0.84233 

0.11000 

0.00196 

0.03471 

0.28901 

- 0.47330 

0.00122 

0.02031 

0.13579 

- 0.82541 

0. 12000 

0.00232 

0.03757 

0.28429 

- 0.47084 

0.00143 

0.02163 

0.12762 

- 0.80862 

0. 13000 

0.00271 

0.04039 

0.27959 

- 0.46838 

0.00165 

0.02287 

0.11962 

- 0.79195 

0.14000 

0.00313 

0.04317 

0.27492 

- 0.46591 

0.00189 

0.02402 

0.11178 

- 0.77541 

0.15000 

0.00358 

0.04589 

0.27027 

- 0.46344 

0.00213 

0.02510 

0.10411 

- 0.75900 

0.20000 

0.00620 

0.05883 

0.24741 

- 0.45093 

0.00350 

0.02939 

0.06818 

- 0.67885 

0.25000 

0.00944 

0.07064 

0.22518 

- 0.43817 

0.00504 

0.03199 

0.03617 

- 0.60193 

0.30000 

0.01325 

0.08136 

0.20360 

- 0.42512 

0.00668 

j 0.03307 

0.00793 

- 0.52831 

0.35000 

0.01756 

0.09102 

0.18268 

- 0.41174 

0.00833 

0.03284 

- 0.01672 

- 0.45814 

0.40000 

0.02233 

0.09964 

0.16243 

- 0.39800 

0.00994 

0.03146 

- 0.03794 

- 0. 39158 

0.45000 

0.02751 

0.10727 

0.14288 

- 0. 38390 

0.01146 

0.02910 

- 0.05594 

- 0. 32878 

0.50000 

0.03304 

0. 11394 

0.12405 

- 0.36941 

0.01284 

0.02592 

- 0.07089 

- 0.26992 

0.55000 

0.03889 

0.11969 

0. 10595 

- 0.35455 

0.01404 

0.02206 

- 0.08300 

- 0.21517 

0.60000 

0.04500 

0. 12455 

0.08860 

- 0.33931 

0.01503 

0.01766 

- 0.09247 

- 0. 16466 

0.65000 

0.05133 

0-12856 

0.07202 

- 0.32371 

0.01580 

0.01285 

- 0.09954 

- 0. 11851 

0.70000 

0.05784 

0.13176 

0.05623 

- 0. 30778 

0.01631 

0.00774 

- 0.10440 

- 0.07678 

0.80000 

0.07125 

0.13590 

0.02708 

- 0.27505 

0.01656 

- 0.00296 

- 0.10842 

- 0.00665 

0.90000 

0.08493 

0.13729 

0.00125 

- 0 . 24 L 46 

0.01572 

- 0.01374 

- 0.10631 

0.04613 

1.00000 

0.09862 

0.13626 

- 0.02119 

- 0.20744 

0.01382 

- 0.02407 

- 0.09973 

0.08282 

1. 10000 

0.11211 

0.13316 

- 0.04024 

- 0 . L 7351 

0.01093 

- 0.03359 

- 0.09021 

0.10542 

1.20000 

0.12520 

0.12833 

- 0.05592 

- 0. 14021 

0.00714 

- 0.04206 

- 0.07903 

0.11653 

1.40000 

0.14958 

0.11477 

- 0.07760 

- 0.07779 

- 0.00269 

- 0.05550 

- 0.05541 

0.11589 

1.60000 

0.17090 

0.09807 

- 0.08764 

- 0. 02438 

- 0.01475 

- 0.06435 

- 0.03352 

0 . 10238 

1.80000 

0.18874 

0.08035 

- 0.08816 

0.01702 

- 0.02816 

- 0.06909 

- 0.01438 

0.08967 

2.00000 

0.20308 

0.06327 

- 0.08172 

0.04513 

- 0.04215 

- 0.07024 

0.00264 

0.08100 

2.20000 

0.21417 

0.04795 

- 0.07096 

0.06048 

- 0.05604 

- 0.06814 

0.01803 

0.07244 

2.40000 

0.22242 

0.03502 

- 0.05824 

0.06508 

- 0.06921 

- 0.06317 

0.03127 

0.05886 

2.60000 

0.22835 

0.02466 

- 0.04545 

0.06180 

- 0.08115 

- 0.05586 

0.04111 

0 . 0385 l 

2.80000 

0.23245 

0.01675 

- 0.03385 

0.05368 

- 0.09146 

- 0.04703 

0.04639 

0.01401 

3.00000 

0.23519 

0.01099 

- 0.02412 

0.04343 

- 0.09993 

- 0.03764 

0.04678 

- 0.00956 

3.20000 

0.23696 

0.00697 

- 0.01648 

0.03306 

- 0.10654 

- 0.02860 

0.04295 

- 0.02749 

3.40000 

0.23807 

0.00427 

- 0.01082 

0.02384 

- 0. 11144 

- 0.02064 

0.03632 

- 0.03740 

3.60000 

0.23873 

0.00253 

- 0.00683 

0.01636 

- 0.11489 

- 0.01415 

0.02851 

- 0.03951 

3.80000 

0.23912 

0.00145 

- 0.00415 

0.01071 

- 0. 11721 

- 0.00923 

0.02090 

- 0.03586 

4.00000 

0.23934 

0.00080 

- 0.00243 

0.00672 

- 0.11868 

- 0.00572 

0.01437 

- 0.02911 

4.20000 

0 . 23 V 46 

0.00043 

- 0.00138 

0.00404 

- 0.1 1957 

- 0.00338 

0.00931 

- 0.02158 

4.40000 

0 . 23.52 

0.00023 

- 0.00075 

0.00234 

- 0.12009 

- 0.00190 

0.00569 

- 0.01479 

4 . 0 0000 

0. 2 3 q 56 

0.00011 

- 0.00040 

0.00130 

- 0. 12037 

- 0.00102 

0.00329 

- 0.00944 

4 . 80000 

0.23957 

0.00006 

- 0.00020 

0.00070 

- 0. 12052 

- 0.00052 

0.00181 

- 0.00565 

5.00000 

0.23958 

0.00003 

- 0.00010 

0.00036 

- 0.12060 

- 0.00026 

0.00094 

- 0.00319 

5.20000 

0.23958 

0.00001 

- 0.00005 

0.00018 

- 0.12063 

- 0.00012 

0.00047 

- 0.00170 

5.40000 

0.23959 

0.00001 

- 0.00002 

0.00009 

- 0.12065 

- 0.00005 

0.00022 

- 0.00086 

5.60000 

0.23959 

0.00000 

- 0.00001 

0.00004 

- 0.12066 

- 0.00002 

0.00010 

- 0.00041 

5.80000 

0.23959 

0.00000 

- 0.00000 

0.00002 

- 0.12066 

- 0.00001 

0.00004 

- 0.00019 

6.00000 

0.23959 

0.00000 

- 0.00000 

0.00001 

- 0.12066 

- 0.00000 

0.00002 

- 0.00008 

6.20000 

0.23959 

- 0.00000 

- 0.00000 

0.00000 

- 0.12066 

- 0.00000 

0.00001 

- 0.00003 

6-40000 

0.23959 

- 0.00000 

- 0.00000 

0.00000 

- 0.12066 

- 0.00000 

0.00000 

- 0.00001 

6.60000 

0.23959 

- 0.00000 

- 0.00000 

0.00000 

- 0.12066 

- 0.00000 

0.00000 

- 0.00000 

6.80000 

0.23959 

- 0.00000 

- 0.00000 

0.00000 

- 0.12066 

- 0.00000 

0.00000 

- 0.00000 

7.00000 

0.23959 

- 0.00000 

- 0.00000 

0.00000 

- 0.12066 

0.00000 

0.00000 

- 0.00000 

7.20000 

0.23959 

- 0.00000 

- 0.00000 

0.00000 

- 0.12066 

0.00000 

0.00000 

- 0. 00000 

7.40000 

0.23959 

- 0.00000 

- 0.00000 

0.00000 

- 0.12066 

0.00000 

0.00000 

- 0.00000 

7.60000 

0.23959 

- 0.00000 

- 0.00000 

0.00000 

- 0.12066 

0.00000 

0.00000 

- 0.00000 

7.80000 

0.23959 

- 0.00000 

- 0.00000 

0.00000 

- 0 . 12066 

0.00000 

0.00000 

- 0.00000 

8.00000 

0.23959 

- 0.00000 

- 0.00000 

0.00000 

- 0.12066 

0.00000 

0.00000 

- 0.00000 

8.20000 

0.23959 

- 0.00000 

- 0.00000 

0.00000 

- 0. 12066 

0.00000 

0.00000 

- 0.00000 

8.40000 

0.23959 

- 0.00000 

- 0.00000 

0.00000 

- 0.12066 

0.00000 

0.00000 

- 0.00000 

8.60000 

0.23959 

- 0.00000 

- 0.00000 

0.00000 

- 0. 12066 

0.00000 

0.00000 

0.00000 

8.80000 

0.23959 

- 0.00000 

- 0.00000 

0.00000 

- 0.12066 

0.00000 

- 0.00000 

0.00000 

9.00000 

0.23959 

- 0.00000 

- 0.00000 

0.00000 

- 0 . 12066 

0.00000 

- 0.00000 

0.00000 

9.20000 

0.23959 

- 0.00000 

- 0.00000 

0.00000 

- 0.12066 

0.00000 

0.00000 

0.00000 

9.40000 

0.23959 

- 0.00000 

- 0.00000 

0.00000 

- 0 . 12066 

0.00000 

0.00000 

0.00000 

9.60000 

0.23959 

- 0.00000 

- 0.00000 

0.00000 

- 0.12066 

0.00000 

- 0.00000 

0.00000 

9.80000 

0.23959 

- 0.00000 

- 0.00000 

0.00000 

- 0.12066 

0.00000 

- 0.00000 

0.00000 

10.00000 

0.23959 

- 0.00000 

- 0.00000 

0.00000 

- 0. 12066 

0.00000 

- 0.00000 

0.00000 
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V 

2 F 2 

(9,8,) 

pi 

2'2 

2' 2 

F m 

2 r 2 

3 F 2 

(82) 

3 F 2 

3 F 2 

3 h 2 

0 . 

0 . 

0 . 

- 0.00472 

0. 39757 

0 . 

0 . 

- 0.04195 

0 . 

0.01000 

- 0.00000 

- 0.00003 

- 0.00079 

0 . 3B723 

- 0.00000 

- 0.00042 

- 0.04195 

0.00036 

0.02000 

- 0.00000 

- 0.00002 

0.00303 

0.37696 

- 0.00001 

- 0.00084 

- 0.04194 

0.00072 

0.03000 

- 0.00000 

0.00003 

0.00675 

0.36675 

- 0.00002 

- 0 . 00L26 

- 0.04193 

0.00108 

0.04000 

0.00000 

0.00012 

0.01036 

0.35662 

- 0.00003 

- 0.00168 

- 0.04192 

0.00144 

0.05000 

0.00000 

0.00024 

0.01388 

0. 34654 

- 0.00005 

- 0.00210 

- 0.04190 

0.00180 

0.06000 

0.00001 

0.00040 

0.01730 

0.33654 

- 0.00008 

- 0.00252 

- 0.04188 

0.00216 

0.07000 

0.00001 

0.00059 

0.02061 

0. 32660 

- 0.00010 

- 0.00293 

- 0.04186 

0.00253 

0.08000 

0.00002 

0.00081 

0.02383 

0.31672 

- 0.00013 

- 0.00335 

- 0.04183 

0.00290 

0.09000 

0.00003 

0-00106 

0.02695 

0.30690 

- 0.00017 

- 0.00377 

- 0.04180 

0.00327 

0. 10000 

0.00004 

0.00135 

0.02997 

0.29715 

- 0.00021 

- 0.00419 

- 0.04177 

0.00364 

0. 11000 

0.00005 

0.00166 

0.03289 

0.28746 

- 0.00025 

- 0.00461 

- 0.04173 

0.00401 

0. 12000 

0.00007 

0.00200 

0.03571 

0.27783 

- 0.00030 

- 0.00502 

- 0.04169 

0.00439 

0.13000 

0.00009 

0.00237 

0.03845 

0.26826 

- 0.00035 

- 0.00544 

- 0.04164 

0.00477 

0. 14000 

0.00012 

0.00277 

0.04108 

0.25875 

- 0.00041 

- 0.00586 

- 0.04159 

0.00515 

0. 15000 

0.00015 

0.00320 

0.04362 

0.24931 

- 0.00047 

- 0.00627 

- 0.04154 

0.00554 

0.20000 

0.00037 

0.00567 

0.05492 

0.20303 

- 0.00084 

- 0.00834 

- 0.04121 

0.00753 

0.25000 

0.00072 

0.00865 

0.06395 

0.15836 

- 0.00130 

- 0.01039 

- 0.04078 

0.00962 

0.30000 

0.00124 

0.01203 

0.07079 

0.11537 

- 0.00188 

- 0.01242 

- 0.04025 

0.01182 

0.35000 

0.00193 

0.01569 

0.07552 

0.07422 

- 0.00255 

- 0.01441 

- 0.03960 

0.01413 

0.40000 

0.00281 

0.01955 

0.07824 

0.03505 

- 0.00332 

- 0.01638 

- 0.03883 

0.01656 

0.45000 

0.00389 

0.02349 

0.07906 

- 0.00194 

- 0.00418 

- 0.01830 

- 0.03794 

0.01908 

0.50000 

0.00516 

0.02742 

0.07809 

- 0.03655 

- 0.00514 

- 0.02017 

- 0.03692 

0.02169 

0.55000 

0.00663 

0.03127 

0.07545 

- 0.06858 

- 0.00620 

- 0.02199 

- 0.03577 

0.02436 

0.60000 

0.00828 

0.03494 

0.07128 

- 0.09780 

- 0.00734 

- 0.02374 

- 0.03449 

0.02708 

0.65000 

0.01012 

0.03837 

0.06572 

- 0. 12402 

- 0.00857 

- 0.02543 

- 0.03306 

0.02981 

0. 70000 

0.01212 

0-04149 

0.05893 

- 0. 14705 

- 0.00988 

- 0.02705 

- 0.03151 

0.03252 

0.80000 

0.01653 

0.04658 

0.04231 

- 0.18290 

- 0.01274 

- 0.03003 

- 0.02799 

0.03775 

0.90000 

0.02137 

0.04986 

0.02283 

- 0.20444 

- 0.01588 

- 0.03263 

- 0.02397 

0.04249 

1.00000 

0.02644 

0.05110 

0.00191 

- 0.21145 

- 0.01925 

- 0.03481 

- 0.01952 

0.04644 

l. 10000 

0.03152 

0.05024 

- 0.01900 

- 0.20446 

- 0.02282 

- 0.03652 

- 0.01472 

0.04935 

1.20000 

0.03642 

0.04735 

- 0.03856 

- 0.18486 

- 0.02654 

- 0.03774 

- 0.00969 

0.05098 

1.40000 

0.04489 

0.03634 

- 0.06926 

- 0. 11694 

- 0.03421 

- 0.03866 

0-00050 

0.04993 

1.60000 

0.05065 

0.02071 

- 0.08411 

- 0.03065 

- 0.04187 

- 0.03759 

0.00990 

0.04316 

1.80000 

0.05309 

0.00384 

- 0.08196 

0.04918 

- 0.04914 

- 0.03482 

0.01746 

0.03190 

2.00000 

0.05231 

- 0.01115 

- 0.06614 

0. 10377 

- 0.05571 

- 0.03078 

0.02250 

0.01832 

2.20000 

0.04890 

- 0.02211 

- 0.04269 

0 . 12518 

- 0.06140 

- 0.02600 

0.02480 

0.00489 

2.40000 

0.04380 

- 0.02816 

- 0.01809 

0. 11653 

- 0.06610 

- 0.02103 

0.02461 

- 0.00633 

2.60000 

0.03795 

- 0.02961 

0.00261 

0.08819 

- 0.06983 

- 0.01629 

0.02250 

- 0.01411 

2.80000 

0.03219 

- 0.02756 

0.01670 

0.05255 

- 0.07265 

- 0.01210 

0.01921 

- 0.01819 

3.00000 

0.02707 

- 0.02340 

0.02383 

0.01978 

- 0.07472 

- 0.00864 

0.01544 

- 0.01904 

3.20000 

0.02288 

- 0.01841 

0.02520 

- 0.00432 

- 0.07616 

- 0.00592 

0.01175 

- 0.01757 

3.40000 

0.01969 

- 0.01357 

0.02278 

- 0.01826 

- 0.07713 

- 0.00391 

0.00850 

- 0.01479 

3.60000 

0.01741 

- 0.00942 

0.01848 

- 0.02349 

- 0.07776 

- 0.00248 

0.00586 

- 0.01155 

3.80000 

0.01586 

- 0.00620 

0.01378 

- 0.02280 

- 0.07816 

- 0.00152 

0.00387 

- 0.00846 

4.00000 

0.01487 

- 0.00388 

0.00957 

- 0. 01900 

- 0.07839 

- 0.00090 

0.00244 

- 0.00586 

4.20000 

0.01426 

- 0.00231 

0.00624 

- 0.01424 

- 0.07853 

- 0.00051 

0.00148 

- 0.00385 

4.40000 

0.01390 

- 0.00132 

0.00385 

- 0.00982 

- 0.07861 

- 0.00028 

0.00086 

- 0.00241 

4.60000 

0.01 370 

- 0.00072 

0.00225 

- 0.00632 

- 0.07865 

- 0.00015 

0.00049 

- 0.00145 

4.80000 

0.01360 

- 0.00038 

0.00126 

- 0.00382 

- 0.07867 

- 0.00008 

0.00026 

- 0.00083 

5.00000 

0.01354 

- 0.00019 

0.00067 

- 0.00218 

- 0.07868 

- 0.00004 

0.00014 

- 0.00046 

5.20000 

0.01352 

- 0.00009 

0.00034 

- 0.00118 

- 0.07869 

- 0.00002 

0.00007 

- 0.00024 

5.40000 

0.01350 

- 0.00004 

0.00017 

- 0.00061 

- 0.07869 

- 0.00001 

0.00003 

- 0.00012 

5.60000 

0.01350 

- 0.00002 

0.00008 

- 0.00030 

- 0.07869 

- 0.00000 

0.00002 

- 0.00006 

5.80000 

0.01350 

- 0.00001 

0.00004 

- 0.00014 

- 0.07869 

- 0.00000 

0.00001 

- 0.00003 

6.00000 

0.01349 

- 0.00000 

0.00002 

- 0.00007 

- 0.07869 

- 0.00000 

0. 00000 

- 0.00001 

6.20000 

0.01349 

- 0.00000 

0.00001 

- 0.00003 

- 0.07869 

- 0.00000 

0.00000 

- 0.00001 

6.40000 

0.01349 

- 0.00000 

0.00000 

- 0.00001 : 

- 0.07869 

- 0.00000 

0.00000 

- 0.00000 

6.60000 

0.01349 

- 0.00000 

0.00000 

- 0. 00000 

- 0.07869 

0.00000 

j 0.00000 

- 0.00000 

6.80000 

0.01349 

- 0.00000 

0.00000 

- 0.00000 

- 0.07869 

0.00000 

0.00000 

- 0.00000 

7.00000 

0.01349 

- 0.00000 

0.00000 

- 0.00000 

- 0.07869 

0.00000 

0.00000 

- 0.00000 

7.20000 

0.01349 

- 0.00000 

0.00000 

- 0.00000 

- 0.07869 

0.00000 

0.00000 

- 0.00000 

7.40000 

0.01349 

- 0.00000 

- 0.00000 

- 0. 00000 

- 0.07869 

0.00000 

0.00000 

- 0. 00000 

7.60000 

0.01349 

- 0.00000 

- 0.00000 

- 0.00000 

- 0.07869 

0.00000 

0.00000 

- 0.00000 

7.80000 

0.01349 

- 0.00000 

- 0.00000 

- 0.00000 

- 0.07869 

0.00000 

0.00000 

- 0.00000 

8.00000 

0.01349 

- 0.00000 

- 0.00000 

- 0.00000 

- 0.07869 

0.00000 

0.00000 

- 0.00000 

8.20000 

0.01349 

- 0.00000 

- 0.00000 

- 0.00000 

- 0.07869 

0.00000 

0.00000 

- 0.00000 

8.40000 

0.01349 

- 0.00000 

- 0.00000 

- 0.00000 

- 0.07869 

0.00000 

0.00000 

- 0.00000 

8.60000 

0.01349 

- 0.00000 

- 0.00000 

0.00000 

- 0.07869 

0.00000 

0.00000 

- 0.00000 

8.80000 

0.01349 

- 0.00000 

- 0.00000 

0.00000 

- 0.07869 

0.00000 

0.00000 

- 0.00000 

9.00000 

0.01349 

- 0.00000 

- 0.00000 

0.00000 

- 0.07869 

0.00000 

0.00000 

- 0.00000 

9.20000 

0.01349 

- 0.00000 

- 0.00000 

0.00000 

- 0.07869 

0.00000 

0.00000 

- 0.00000 

9.40000 

0.01349 

- 0.00000 

- 0.00000 

0.00000 

- 0.07869 

0.00000 

j 0.00000 

- 0.00000 

9.60000 

0.01349 

- 0.00000 

- 0.00000 

0.00000 

- 0.07869 

0.00000 

0.00000 

- 0.00000 

9.80000 

0.01349 

- 0.00000 

- 0.00000 

0.00000 

- 0.07869 

0.00000 

0.00000 

- 0.00000 

10.00000 

0.01349 

- 0.00000 

- 0.00000 

0.00000 

- 0.07869 

0.00000 

0.00000 

- 0.00000 
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V 

4 F 2 

fg 2 ) 

r 1 

4 r 2 

f“ 

4 r 2 

f'" 
4 '2 

5^2 

(S 2 ) 

5 F 2 

f" 

5 h 2 

F"' 

5 r 2 

0 . 

0 . 

0 . 

- 0.20073 

0.89636 

0 . 

0 . 

0.25133 

- 0.50000 

0.01000 

- 0.00001 

- 0.00196 

- 0.19184 

0.88240 

0.00001 

0.00249 

0.24636 

- 0.49518 

0.02000 

- 0.00004 

- 0.00384 

- 0.18308 

0.86851 

0.00005 

0.00493 

0.24143 

- 0.49038 

0.03000 

- 0.00009 

- 0.00562 

- 0.17447 

0.85469 

0.00011 

0.00732 

0.23655 

- 0.48561 

0.04000 

- 0.00015 

- 0.00733 

- 0. 16599 

0.84093 

0.00020 

0.00966 

0.23172 

- 0.48086 

0.05000 

- 0.00023 

- 0.00895 

- 0.15765 

0.82724 

0.00030 

0.01195 

0.22693 

- 0.47612 

0.06000 

- 0.00033 

- 0.01048 

- 0.14944 

0.81361 

0.00043 

0.01420 

0.22219 

- 0.47141 

0.07000 

- 0.00044 

- 0.01193 

- 0.14138 

0.80005 

0.00059 

0.01640 

0.21750 

- 0.46672 

0.08000 

- 0.00057 

- 0.01331 

- 0.13344 

0.78654 

0.00076 

0.01855 

0.21286 

- 0.46205 

0.09000 

- 0.00071 

- 0.01460 

- 0.12565 

0.77310 

0.00096 

0.02065 

0.20826 

- 0.45740 

0. 10000 

- 0.00086 

- 0.01582 

- 0.11798 

0. 75972 

0.00118 

0.02271 

0.20371 

- 0.45277 

0.11000 

- 0.00102 

- 0.01696 

- 0.11045 

0.74639 

0.00141 

0.02473 

0.19921 

- 0.44815 

0. 12000 

- 0.00120 

- 0.01803 

- 0.10305 

0.73313 

0.00167 

0.02670 

0.19475 

- 0.44355 

0.13000 

- 0.00138 

- 0.01903 

- 0.09579 

0.71992 

0.00195 

0.02862 

0.19034 

- 0.43898 

0.14000 

- 0.00158 

- 0.01995 

- 0.08865 

0.70677 

0.00224 

0.03050 

0.18597 

- 0.43441 

0.15000 

- 0.00178 

- 0.02080 

- 0.08165 

0.69368 

0.00256 

0.03234 

0.18165 

- 0.42987 

0.20000 

- 0.00291 

- 0.02404 

- 0.04859 

0.62909 

0.00439 

0.04090 

0. 16072 

- 0.40739 

0.25000 

—0 .'00416 

- 0.02571 

- 0.01872 

0.56594 

0.00663 

0.04843 

0.14090 

- 0.38531 

0.30000 

- 0.00546 

- 0.02597 

0.00803 

0.50428 

0.00922 

0.05500 

0.12218 

- 0.36359 

0.35000 

- 0.00674 

- 0.02496 

0.03173 

0.44419 

0.01211 

0.06067 

0. 10454 

- 0. 34222 

0.40000 

- 0.00794 

- 0.02284 

0.05248 

0.38580 

0.01527 

0.06548 

0.08795 

- 0. 32120 

0.45000 

- 0.00900 

- 0.01976 

0.07034 

0.32924 

0.01865 

0.06948 

0.07241 

- 0. 30053 

0.50000 

- 0.00990 

- 0.01585 

0.08543 

0.27468 

0.02221 

0.07273 

0.05789 

- 0.28023 

0.55000 

- 0.01058 

- 0.01126 

0.09785 

0.22229 

0.02591 

0.07529 

0.04438 

- 0.26030 

0.60000 

- 0.01101 

- 0.00611 

0.10770 

| 0.17228 

0.02972 

0.07719 

0.03186 

- 0.24078 

0.65000 

- 0.01118 

- 0.00053 

0.11512 

0.12482 

0.03362 

0.07849 

0.02030 

- 0.22168 

0.70000 

- 0.01106 

0.00536 

0.12023 

0.08011 

0.03756 

0.07923 

0.00968 

- 0.20303 

0.80000 

- 0.00992 

0.01765 

0.12411 

- 0.00037 

0.04550 

0.07925 

- 0.00881 

- 0.16724 

0.90000 

- 0.00753 

0-02994 

0.12059 

- 0.06794 

0.05336 

0.07759 

- 0.02384 

- 0.13369 

1.00000 

- 0.00395 

0.04156 

0 . 1 1099 

- 0.12177 

0.06098 

0.07459 

- 0.03564 

- 0. 10264 

1. 10000 

0.00074 

0.05198 

0.09670 

- 0.16154 

0.06824 

0.07056 

- 0.04446 

- 0.07438 

1.20000 

0.00639 

0.06079 

0.07914 

- 0.18745 

0.07506 

0.06578 

- 0.05061 

- 0.04910 

1.40000 

0.01987 

0.07270 

0.03947 

- 0.20143 

0.08716 

0.05498 

- 0.05611 

- 0.00805 

1.60000 

0.03494 

0.07668 

0.00123 

- 0.17557 

0.09703 

0.04380 

- 0.05469 

0.02020 

1.80000 

Q. 05008 

0.07372 

- 0.02919 

- 0.12624 

0.10473 

0.03340 

- 0.04882 

0.03664 

2.00000 

0.06409 

0.06573 

- 0.04880 

- 0.06985 

0.11049 

0.0244 2 

- 0.04068 

0.04331 

2.20000 

0.07619 

0.05493 

- 0.05753 

- 0.01921 

0.11461 

0.01716 

- 0.03197 

0.04285 

2.40000 

0.08601 

0.04332 

- 0.05737 

0.01832 

0.11746 

0.01159 

- 0.02384 

0.03794 

2.60000 

0.09356 

0.03238 

- 0.05123 

0.04059 

0.11935 

0-00754 

- 0.01693 

0.03093 

2.80000 

0.09907 

0.02303 

- 0.04204 

0.04935 

0.12056 

0.00472 

- 0.01149 

0.02356 

3.00000 

0.10290 

0.01561 

^- 0.03214 

0.04830 

0.12130 

0.00285 

- 0.00746 

0.01690 

3.20000 

0.10545 

0.01011 

- 0.02310 

0.04152 

0.12175 

0.00166 

- 0.00464 

0.01149 

3-40000 

0.10706 

0.00626 

- 0.01569 

0.03247 

0. 12200 

0.00093 

- 0.00277 

0.00743 

3.60000 

0.10804 

0.00371 

- 0.01010 

0.02351 

0.12214 

0.00050 

- 0.00159 

0.00458 

3.80000 

0.10861 

0.00211 

- 0.00619 

0.01592 

0.12221 

0.00026 

- 0.00088 

0.00270 

4.00000 

0.10892 

0.00115 

- 0.00361 

0.01015 

0.12225 

0.00013 

- 0.00046 

0.00152 

4.20000 

0.10909 

0.00060 

- 0.00201 

0.00612 

0. 12227 

0.00006 

- 0.00024 

0.00082 

4.40000 

0. 10918 

0.00030 

- 0.00107 

0.00350 

0. 12228 

0.00003 

- 0.00012 

0.00042 

4.60000 

0. 10922 

0.00014 

- 0.00054 

0.00190 

0.12228 

0.00001 

- 0.00005 

0.00021 

4.80000 

0. 10924 

0.00007 

- 0.00026 

0.00098 

0. 12228 

0.00001 

- 0.00002 

0.00010 

5.00000 

0.10925 

0.00003 

- 0.00012 

0.00048 

0. 12228 

0.00000 

- 0.00001 

0.00005 

5.20000 

0. 10926 

0.00001 

- 0.00006 

0.00023 

0.12228 

0.00000 

- 0.00000 

0.00002 

5.40000 

0. 10926 

0.00001 

- 0.00002 

0.00010 

0.12228 

0-00000 

- 0.00000 

0.00001 

5.60000 

0.10926 

0.00000 

- 0.00001 

0.00004 

0. 12228 

- 0.00000 

- 0.00000 

0.00000 

5.80000 

0. 10926 

0.00000 

- 0.00000 

0. 00002 

0. 12228 

- 0.00000 

- 0.00000 

0.00000 

6.00000 

0. 10926 

0.00000 

- 0.00000 

0.00001 

0.12228 

- 0.00000 

- 0.00000 

0.00000 

6.20000 

0.10926 

0.00000 

- 0.00000 

0.00000 

0. 12228 

- 0.00000 

- 0.00000 

0.00000 

6.40000 

0.10926 

0.00000 

- 0.00000 

0.00000 

0.12228 

- 0.00000 

- 0.00000 

0.00000 

6.60000 

0.10926 

0.00000 

- 0.00000 

0.00000 

0. 12228 

- 0.00000 

- 0.00000 

0.00000 

6.80000 

0.10926 

0.00000 

- 0.00000 

0.00000 

0.12228 

- 0.00000 

- 0.00000 

0.00000 

7.00000 

0 . 10926 

0.00000 

- 0.00000 

0.00000 

0.12228 

- 0.00000 

- 0.00000 

0.00000 

7.20000 

0.10926 

0.00000 

- 0.00000 

0.00000 

0.12228 

- 0.00000 

- 0.00000 

0.00000 

7.40000 

0.10926 

0.00000 

0.00000 

- 0.00000 

0. 12228 

- 0.00000 

- 0.00000 

0.00000 

7.60000 

0.10926 

0.00000 

0.00000 

- 0.00000 

0. 12228 

- 0.00000 

- 0.00000 

- 0. 00000 

7.80000 

0. 10926 

0.00000 

0.00000 

- 0.00000 

0. 12228 

- 0.00000 

- 0.00000 

- 0.00000 

8.00000 

0.10926 

0.00000 

0.00000 

- 0.00000 

0.12228 

- 0.00000 

- 0.00000 

- 0.00000 

8.20000 

0.10926 

0.00000 

0.00000 

- 0.00000 

0 . 12228 

- 0.00000 

- 0.00000 

- 0.00000 

8.40000 

0.10926 

0.00000 

0.00000 

- 0.00000 

0.12228 

- 0.00000 

- 0.00000 

0.00000 

8.60000 

0.10926 

0.00000 

0.00000 

0.00000 

0.12228 

- 0.00000 

- 0.00000 

0.00000 

8.80000 

0.10926 

0.00000 

0.00000 

0.00000 

0.12228 

- 0.00000 

- 0.00000 

0.00000 

9.00000 

0. 10926 

0.00000 

0.00000 

- 0.00000 

0. 12228 

- 0.00000 

- 0.00000 

0.00000 

9.20000 

0.10926 

0.00000 

0.00000 

0.00000 

0.12228 

- 0.00000 

- 0.00000 

0.00000 

9.40000 

0. 10926 

0.00000 

0.00000 

0.00000 

0. 12228 

- 0.00000 

- 0.00000 

0.00000 

9.60000 

0.10926 

0.00000 

- 0.00000 

0.00000 

0.12228 

- 0.00000 

- 0.00000 

0.00000 

9.80000 

0. 10926 

0.00000 

- 0.00000 

0.00000 

0.12228 

- 0.00000 

- 0.00000 

0.00000 

10.00000 

0.10926 

0.00000 

- 0.00000 

0.00000 

0.12228 

- 0.00000 

- 0.00000 

0.00000 
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V 

. f 3 

( g ^> 

1F3 

, F £ 

1 F 3 

2 F 3 

( 8 ?) 

2 F 3 

2 h 3 

pi " 

2 h 3 

0 . 

0 . 

0 . 

- 0.66731 

3.39677 

0 . 

0 . 

0.02466 

- 0 . 

o.oiooo 

- 0.00003 

- 0.00650 

- 0.63376 

3.31296 

0.00000 

0.00025 

0.02466 

- 0.00015 

0.02000 

- 0.00013 

- 0.01268 

- 0.60105 

3.23035 

0.00000 

0.00049 

0.02465 

- 0.00031 

0.03000 

- 0.00029 

- 0.01853 

- 0.56915 

3. 14893 

0.00001 

0.00074 

0.02465 

- 0.00046 

0.04000 

- 0.00050 

- 0.02406 

- 0.53807 

3.06869 

0.00002 

0.00099 

0.02464 

- 0.00061 

0.05000 

- 0.00077 

- 0.02929 

- 0.50778 

2.98960 

0.00003 

0.00123 

0.02464 

- 0.00077 

0.06000 

- 0.00108 

- 0.03422 

- 0.47827 

2.91167 

0.00004 

0.00148 

0.02463 

- 0.00092 

0.07000 

- 0.00145 

- 0.03886 

- 0.44954 

2.83487 

0.00006 

0.00173 

0.02462 

- 0.00107 

0.08000 

- 0.00186 

- 0.04322 

- 0.42157 

2.75920 

0.00008 

0.00197 

0.02461 

- 0.00123 

0.09000 

- 0.00231 

- 0.04729 

- 0.39435 

2.68465 

0.00010 

0.00222 

0.02459 

- 0.00138 

0. 10000 

- 0.00280 

- 0.05110 

- 0.36787 

2.61121 

0.00012 

0.00246 

0.02458 

- 0.00154 

0.11000 

- 0.00333 

- 0.05465 

- 0.34212 

2.53887 

0.00015 

0.00271 

0.02456 

- 0.00169 

0.12000 

- 0.00390 

- 0.05795 

- 0.31709 

2.46762 

0.00018 

0.00295 

0.02455 

- 0.00185 

0.13000 

- 0.00449 

- 0.06100 

- 0.29277 

2.39746 

0.00021 

0.00320 

0.02453 

- 0.00200 

0.14000 

- 0.00512 

- 0.06381 

- 0.26914 

2.32837 

0.00024 

0.00344 

0.02451 

- 0.00216 

0-15000 

- 0.00577 

- 0.06638 

- 0.24620 

2.26035 

0.00028 

0.00369 

0.02448 

- 0.00232 

0.20000 

- 0.00935 

- 0.07601 

- 0.14139 

1.93609 

0.00049 

0.00491 

0.02435 

- 0.00312 

0.25000 

- 0.01329 

- 0.08078 

- 0.05216 

1.63770 

0.00077 

0.00612 

0.02417 

- 0.00395 

0.30000 

- 0.01736 

- 0.08146 

0.02280 

1.36461 

0.00110 

0.00733 

0.02395 

- 0.00480 

0.35000 

- 0.02138 

- 0.07872 

0.08472 

1.11628 

0.00150 

0.00852 

0.02369 

- 0.00568 

0.40000 

- 0.02518 

- 0.07318 

0. 13483 

0.89220 

0.00196 

0.00970 

0.02338 

- 0.00661 

0.45000 

- 0.02866 

- 0.06541 

0. 17433 

0.69177 

0.00247 

0.01086 

0.02303 

- 0.00757 

0.50000 

- 0.03170 

- 0.05591 

0.20439 

0.51433 

0.00304 

0.01200 

0.02263 

- 0.00857 

0.55000 

- 0.03423 

- 0.04511 

0.22614 

0.35906 

0.00367 

0.01312 

0.02217 

- 0.00962 

0.60000 

- 0.03619 

- 0.03342 

0.24065 

0.22501 

0.00435 

0.01421 

0.02166 

- 0.01071 

0.65000 

- 0.03756 

- 0.02115 

0.24897 

0. 11108 

0.00509 

0.01528 

0.02110 

- 0.01185 

0.70000 

- 0.03830 

- 0.00860 

0.25207 

0.01602 

0.00588 

0.01632 

0.02048 

- 0.01303 

0.80000 

- 0.03791 

0.01642 

0.24618 

- 0. 12321 

0.00761 

0.01830 

0.01905 

- 0.01549 

0.90000 

- 0.03506 

0.04027 

0.22934 

- 0. 20507 

0.00954 

0.02012 

0.01738 

- 0.01806 

l. 00000 

- 0.02992 

0.06210 

0.20664 

- 0.24284 

0.01163 

0.02177 

0.01544 

- 0.02064 

l . 10000 

- 0.02272 

0.08153 

0.18181 

- 0.24957 

0.01388 

0.02320 

0.01325 

- 0.02313 

1.20000 

- 0.01370 

0.09847 

0.15736 

- 0.23702 

0.01626 

0.02441 

0.01082 

- 0.02540 

1.40000 

0.00884 

0.12550 

0. 11448 

- 0. 19010 

0.02133 

0.02604 

0.00538 

- 0.02868 

1.60000 

0.03599 

0 . 14489 

0.08083 

- 0. 14935 

0.02661 

0.02653 

- 0.00048 

- 0.02940 

1.80000 

0.06640 

0.15824 

0.05335 

- 0.12888 

0.03186 

0.02586 

- 0.00617 

- 0.02691 

2.00000 

0.09894 

0. 16638 

0.02814 

- 0.12540 

0.03688 

0.02412 

- 0.01104 

- 0.02134 

2.20000 

0.13262 

0.16947 

0.00260 

- 0.13083 

0.04146 

0.02154 

- 0.01456 

- 0.01364 

2.40000 

0.16639 

0.16733 

- 0.02420 

- 0.13638 

0.04546 

0.01841 

- 0.01645 

- 0.00524 

2.60000 

0.19919 

0.15977 

- 0.05136 

- 0.13305 

0.04880 

0.01507 

- 0.01671 

0.00239 

2.80000 

0.22994 

0. 14693 

- 0.07634 

- 0.11376 

0.05149 

0.01182 

- 0.01561 

0.00817 

3.00000 

0.25766 

0.12961 

- 0.09569 

- 0.07708 

0.05355 

0.00888 

- 0.01360 

0.01161 

3.20000 

0.28158 

0. 10924 

- 0.10639 

- 0.02882 

0.05507 

0.00641 

- 0.01112 

0.01280 

3.40000 

0.30128 

0.08772 

- 0.10715 

0.02040 

0.05615 

0.00444 

- 0.00859 

0.01224 

3.60000 

0.31672 

0.06698 

- 0.09889 

0.05993 

0.05688 

0.00295 

- 0.00630 

0.01057 

3.80000 

0.32823 

0.04859 

- 0.08427 

0. 08333 

0.05736 

0.00189 

— 0.00440 

0.00843 

4.00000 

0.33637 

0.03347 

- 0.06670 

0.08975 

0.05766 

0.00117 

- 0.00293 

0.00628 

4.20000 

0.34185 

0.02190 

- 0.04926 

0.08282 

0.05784 

0.00069 

- 0.00187 

0.00440 

4.40000 

0.34535 

0.01361 

- 0.03409 

0.06814 

0.05795 

0.00040 

- 0.00114 

0.00293 

4.60000 

0 . 34748 

0.00804 

- 0.02216 

0.05103 

0.05801 

0.00022 

- 0.00067 

0.00185 

4.80000 

0.34871 

0.00452 

- 0.01358 

0.03522 

0.05804 

0.00012 

- 0.00038 

0.00112 

5.00000 

0.34938 

0.00242 

- 0.00786 

0.02259 

0.05806 

0.00006 

- 0.00021 

0.00064 

5.20000 

0.34974 

0.00123 

- 0.00431 

0.01354 

0.05807 

0.00003 

- 0.00011 

0.00036 

5.40000 

0.34991 

0.00060 

- 0.00224 

0.00762 

0.05807 

0.00001 

-0100005 

0.00019 

5.60000 

0.35000 

0.00028 

- 0.00110 

0.00404 

I 0.05807 

0.00001 

- 0.00003 

0.00010 

5.80000 

0.35004 

0.00012 

- 0.00052 

0.00202 

0.05807 

0.00000 

- 0.00001 

0.00005 

6.00000 

0.35005 

0.00005 

- 0.00023 

0.00096 

0.05807 

0.00000 

- 0.00001 

0.00002 

6.20000 

0.35006 

0.00002 

- 0.00010 

0.00043 

0.05808 

0.00000 

- 0.00000 

0.00001 

6.40000 

0.35006 

0.00001 

- 0.00004 

0.00018 

0.05808 

- 0.00000 

- 0.00000 

0.00000 

6.60000 

0.35006 

0.00000 

- 0.00002 

0.00007 

0.05808 

- 0.00000 

- 0.00000 

0.00000 

6.80000 

0.35006 

0.00000 

- 0.00001 

0.00003 

0.05807 

- 0.00000 

- 0.00000 

0.00000 

7.00000 

0.35006 

0.00000 

- 0.00000 

0.00001 

0.05807 

- 0.00000 

- 0.00000 

0.00000 

7.20000 

0.35006 

- 0.00000 

- 0.00000 

0.00000 

0.05807 

- 0.00000 

- 0.00000 

0.00000 

7.40000 

0.35006 

- 0.00000 

- 0.00000 

0.00000 

0.05807 

- 0.00000 

- 0.00000 

0. 00000 

7.60000 

0.35006 

- 0.00000 

- 0.00000 

0.00000 

0.05807 

- 0.00000 

- 0.00000 

0.00000 

7.80000 

0.35006 

- 0.00000 

- 0.00000 

- 0.00000 

0.05807 

- 0.00000 

- 0.00000 

0.00000 

8.00000 

0.35006 

- 0.00000 

- 0.00000 

- 0.00000 

0.05807 

- 0.00000 

- 0.00000 

0.00000 

8.20000 

0.35006 

- 0.00000 

- 0.00000 

0.00000 

0.05807 

- 0.00000 

- 0.00000 

0. 00000 

8.40000 

0.35006 

- 0.00000 

- 0.00000 

- 0.00000 

0.05807 

- 0.00000 

- 0.00000 

0.00000 

8.60000 

0.35006 

- 0.00000 

- 0.00000 

0.00000 

0.05807 

- 0.00000 

- 0.00000 

0.00000 

8.80000 

0.35006 

- 0.00000 

- 0.00000 

0.00000 

0.05807 

- 0.00000 

- 0.00000 

0.00000 

9.00000 

0.35006 

- 0.00000 

- 0.00000 

0.00000 

0.05807 

- 0.00000 

- 0.00000 

0.00000 

9.20000 

0.35006 

- 0.00000 

- 0.00000 

- 0.00000 

0.05807 

- 0.00000 

- 0.00000 

0.00000 

9.40000 

0.35006 

- 0.00000 

0.00000 

- 0.00000 

0.05807 

- 0.00000 

- 0.00000 

0.00000 

9.60000 

0.35006 

- 0.00000 

0.00000 

- 0.00000 

0.05807 

- 0.00000 

- 0.00000 

0.00000 

9.80000 

0.35006 

- 0.00000 

0.00000 

- 0.00000 

0.05807 

- 0.00000 

- 0.00000 

0.00000 

10.00000 

0.35006 

- 0.00000 

0.00000 

- 0.00000 

0.05807 

- 0.00000 

- 0.00000 

0.00000 
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TABLE I. - AXISYMMETRIC STAGNATION -POINT UNIVERSAL FUNCTIONS 

a Q = 0.75 - Continued 


V 

3 F 3 
tgf S,) 

3 F 3 

F" 
3 3 

", 
3 3 

4 F 3 

(g,Sf) 

4 F 3 

F" 

4 3 

F“ 

4 r 3 

0 . 

0 . 

0 . 

0.01698 

- 1.20436 

0 . 

0 . 

- 0.01152 

- 0.01538 

0.01000 

0.00000 

0.00011 

0.00516 

- 1.16038 

- 0.00000 

- 0.00012 

- 0.01168 

- 0.01710 

0.02000 

0.00000 

0.00010 

- 0.00623 

- 1.11709 

- 0.00000 

- 0.00023 

- 0.01186 

- 0.01878 

0.03000 

0.00000 

- 0.00001 

- 0.01719 

- 1.07448 

- 0.00001 

- 0.00035 

- 0.01205 

- 0.02044 

0.04000 

0.00000 

- 0.00024 

- 0.02772 

- 1.03254 

- 0.00001 

- 0.00047 

- 0.01227 

- 0.02206 

0.05000 

- 0.00000 

- 0.00057 

- 0.03784 

- 0.99126 

- 0.00001 

- 0.00060 

- 0.01249 

- 0.02366 

0.06000 

- 0.00001 

- 0.00099 

- 0.04755 

- 0.95063 

- 0.00002 

- 0.00072 

- 0.01274 

- 0.02522 

0.07000 

- 0.00002 

- 0.00152 

- 0.05686 

- 0.91066 

- 0.00003 

- 0.00085 

- 0.01300 

- 0.02676 

0.09000 

- 0.00004 

- 0.00213 

- 0.06576 

- 0.87133 

- 0.00004 

- 0.00098 

- 0.01327 

- 0.02827 

0.09000 

- 0.00007 

- 0.00283 

- 0.07428 

- 0. 83265 

- 0.00005 

- 0.00112 

- 0.01356 

- 0.02974 

0.10000 

- 0.00010 

- 0.00361 

- 0.08242 

- 0.79460 

- 0.00006 

- 0.00126 

- 0.01387 

- 0.03119 

0. 11000 

- 0.00014 

- 0.00448 

- 0.09018 

- 0.75718 

- 0.00007 

- 0.00140 

- 0.01419 

- 0.03261 

0. 12000 

- 0.00019 

- 0.00542 

- 0.09757 

- 0.72040 

- 0.00009 

- 0.00154 

- 0.01452 

- 0.03400 

0. 13000 

- 0.00025 

- 0.00643 

- 0.10459 

- 0.68424 

- 0.00010 

- 0.00169 

- 0.01487 

- 0.03536 

0.14000 

- 0.00032 

- 0.00751 

- 0.11125 

- 0.64870 

- 0.00012 

- 0.00184 

- 0.01523 

- 0.03669 

0.15000 

- 0.00040 

- 0.00865 

- 0.11756 

- 0.61378 

- 0.00014 

- 0.00199 

- 0.01560 

- 0.03798 

0.20000 

- 0.00099 

- 0.01523 

- 0.14406 

- 0.44843 

- 0.00026 

- 0.00282 

- 0.01765 

- 0.04397 

0.25000 

- 0.00194 

- 0.02292 

- 0.16266 

- 0.29831 

- 0.00043 

- 0.00376 

- 0.01998 

- 0.04908 

0.30000 

- 0.00329 

- 0.03137 

- 0.17414 

- 0.16331 

- 0.00064 

- 0.00482 

- 0.02255 

- 0.05320 

0.35000 

- 0.00508 

- 0.04023 

- 0.17924 

- 0.04335 

- 0.00091 

- 0.00602 

- 0.02529 

- 0.05620 

0.40000 

- 0.00732 

- 0.04920 

- 0.17872 

0.06169 

- 0.00124 

- 0.00735 

- 0.02814 

- 0.05796 

0.45000 

- 0.01000 

- 0.05802 

- 0.17332 

0. 15193 

- 0.00165 

- 0.00883 

- 0.03106 

- 0.05835 

0.50000 

- 0.01311 

- 0.06647 

- 0. 16377 

0.22762 

- 0.00213 

- 0.01046 

- 0.03396 

- 0.05727 

0.55000 

- 0.01664 

- 0.07434 

- 0.15080 

0.28913 

- 0.00270 

- 0.01223 

- 0.03676 

- 0.05462 

0.60000 

- 0.02054 

- 0.08150 

- 0.13509 

0. 33694 

- 0.00335 

- 0.01413 

- 0.03939 

- 0.05035 

0.65000 

- 0.02477 

- 0.08782 

- 0.11732 

0.37172 

- 0.00411 

- 0.01616 

- 0.04177 

- 0.04444 

0.70000 

- 0.02930 

- 0.09321 

- 0.09812 

0. 39427 

- 0.00497 

- 0.01830 

- 0.04381 

- 0.03690 

0.80000 

- 0.03905 

- 0.10101 

- 0.05773 

0.40674 

- 0.00703 

- 0.02284 

- 0.04656 

- 0.01725 

0.90000 

- 0.04937 

- 0.10478 

- 0.01796 

0.38365 

- 0.00955 

- 0.02754 

- 0.04709 

0.00751 

1.00000 

- 0.05988 

- 0 . 10473 

0.01817 

0.33573 

- 0.01253 

- 0.03217 

- 0.04495 

0.03557 

1.10000 

- 0.07020 

- 0.10133 

0.04873 

0.27404 

- 0.01597 

- 0.03644 

- 0.03994 

0.06453 

1.20000 

- 0.08005 

- 0.09520 

0.07286 

0.20876 

- 0.01980 

- 0.04006 

- 0.03210 

0.09170 

1.40000 

- 0.09739 

- 0.07726 

0.10280 

0.0972 1 

- 0.02832 

- 0.04435 

- 0.00947 

0.13010 

1.60000 

- 0. 11069 

- 0.05527 

0.11493 

0.03188 

- 0.03720 

- 0.04354 

0.01767 

0.13500 

1.80000 

- 0.1 194 l 

- 0.03188 

0.11794 

0.00175 

- 0.04538 

- 0.03746 

0.04209 

0.10378 

2.00000 

- 0.12343 

- 0.00841 

0. 11598 

- 0.02272 

- 0.05191 

- 0.02731 

0.05752 

0.04798 

2.20000 

- 0.12284 

0.01410 

0.10785 

- 0.06146 

- 0.05618 

- 0.01526 

0.06095 

- 0.01282 

2.40000 

- 0.11796 

0.03412 

0.09059 

- 0.11165 

- 0.05804 

- 0.00368 

0.05331 

- 0.06022 

2.60000 

- 0. 10949 

0.04969 

0.06370 

- 0.15422 

- 0.05780 

0.00558 

0.03846 

- 0.08399 

2.80000 

- 0.09849 

0.05918 

0.03072 

- 0.17010 

- 0.05603 

0.01156 

0.02132 

- 0.08389 

3.00000 

- 0.08626 

0.06199 

- 0.00208 

- 0.15255 

- 0.05340 

0.01424 

0.00603 

- 0.06696 

3.20000 

- 0.07410 

0.05878 

- 0.02856 

- 0.10918 

- 0.05052 

0.01426 

- 0.00499 

- 0.04280 

3.40000 

- 0.06304 

0.05124 

- 0.04507 

- 0.05558 

- 0.04781 

0.01257 

- 0.01116 

- 0.01957 

3.60000 

- 0.05375 

0.04145 

- 0.05115 

- 0.00702 

- 0.04554 

0.01007 

- 0.01321 

- 0.00207 

3.80000 

- 0.04648 

0.03134 

- 0.04886 

0.02712 

- 0.04379 

0.00747 

- 0.01246 

0.00835 

4.00000 

- 0.04115 

0.02225 

- 0.04142 

0.04453 

- 0.04253 

0.00518 

- 0.01028 

0.01265 

4.20000 

- 0.03746 

0.01490 

- 0.03198 

0.04803 

- 0.04168 

0.00339 

- 0.00768 

0.01279 

4.40000 

- 0.03506 

0.00944 

- 0.02280 

0.04268 

- 0.04114 

0.00210 

- 0.00530 

0.01076 

4.60000 

- 0.03358 

0.00567 

- 0.01516 

0.03340 

- 0.04082 

0.00123 

- 0.00342 

0.00803 

4.80000 

- 0.03270 

0.00324 

- 0.00947 

0.02372 

- 0.04063 

0.00069 

- 0.00208 

0.00547 

5.00000 

- 0.03221 

0.00177 

- 0.00557 

0.01554 

- 0.04053 

0.00037 

- 0.00120 

0.00346 

5.20000 

- 0.03195 

0.00092 

- 0.00311 

0.00949 

- 0.04047 

0.00019 

- 0.00065 

0.00205 

5.40000 

- 0.03182 

0.00046 

- 0.00165 

0.00544 

- 0.04044 

0.00009 

- 0.00034 

0.00115 

5.60000 

- 0.03176 

0.00022 

- 0.00083 

0.00294 

- 0.04043 

0.00004 

- 0.00017 

0.00061 

5.80000 

- 0.03173 

0.00010 

- 0.00040 

0.00151 

- 0.04042 

0.00002 

- 0.00008 

0.00031 

6.00000 

- 0.03171 

0.00004 

- 0.00018 

0.00073 

- 0.04042 

0.00001 

- 0.00004 

0.00015 

6-20000 

- 0.03171 

0.00002 

- 0.00008 

0.00034 

- 0.04042 

0.00000 

- 0.00002 

0.00007 

6.40000 

- 0.03170 

0.00001 

- 0.00003 

0.00015 

- 0.04042 

0.00000 

- 0.00001 

0.00003 

6.60000 

- 0.03170 

0.00000 

- 0.00001 

0.00006 

- 0.04042 

0.00000 

- 0.00000 

0.00001 

6.80000 

- 0.03170 

0.00000 

- 0.00001 

0.00003 

- 0.04042 

0.00000 

- 0.00000 

0.00001 

7.00000 

- 0.03170 

0.00000 

- 0.00000 

0.00001 

- 0.04042 

0.00000 

- 0.00000 

0.00000 

7.20000 

- 0.03170 

0.00000 

- 0.00000 

0.00000 

- 0.04042 

0.00000 

- 0.00000 

0.00000 

7.40000 

- 0.03170 

0.00000 

- 0.00000 

0.00000 

- 0.04042 

0.00000 

0.00000 

0.00000 

7.60000 

- 0.03170 

0.00000 

- 0.00000 

0.00000 

- 0.04042 

0.00000 

0.00000 

0.00000 

7.80000 

- 0.03170 

0.00000 

0.00000 

0.00000 

- 0.04042 

0.00000 

0.00000 

0.00000 

8.00000 

- 0.03170 

0.00000 

0.00000 

0.00000 

- 0.04042 

0.00000 

0.00000 

0.00000 

8.20000 

- 0.03170 

0.00000 

0.00000 

0.00000 

- 0.04042 

0.00000 

0.00000 

0.00000 

8.40000 

- 0 .03 170 

0.00000 

0.00000 

0.00000 

- 0.04042 

0.00000 

0.00000 

0.00000 

8.60000 

- 0.03170 

0.00000 

0.00000 

0.00000 

- 0.04042 

0.00000 

0.00000 

0.00000 

8.80000 

- 0.03170 

0.00000 

0.00000 

0.00000 

- 0.04042 

0.00000 

0.00000 

- 0.00000 

9.00000 

- 0.03170 

0.00000 

0.00000 

0.00000 

- 0.04042 

0.00000 

0.00000 

- 0.00000 

9.20000 

- 0.03170 

0.00000 

0.00000 

- 0.00000 

- 0.04042 

0.00000 

0.00000 

- 0.00000 

9.40000 

- 0.03170 

0.00000 

0.00000 

- 0.00000 

- 0.04042 

0.00000 

0.00000 

- 0.00000 

9.60000 

- 0.03170 

0.00000 

0.00000 

- 0.00000 

- 0.04042 

0.00000 

0.00000 

- 0.00000 

9.80000 

- 0.03170 

0.00000 

0.00000 

- 0.00000 

- 0.04042 

0.00000 

0.00000 

- 0.00000 

10.00000 

- 0.03170 

0.00000 

0.00000 

- 0.00000 

- 0.04042 

0.00000 

0.00000 

- 0.00000 
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TABLE I . - 


AXISYMMETRIC STAGNATION -POINT UNIVERSAL FUNCTIONS 
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V 

5 F 3 

< 9 i g 2 ) 

5 F 3 

F" 
5' 3 

5 * 3 

6 F 3 

(g 1 S 2 ) 

6 F 3 

c" 

F‘" 

6 h 3 

0 . 

0 . 

0 . 

0.90002 

- 4.67971 

0 . 

0 . 

0.00494 

0.42268 

0.01000 

0.00004 

0.00877 

0.85377 

- 4.57039 

0.00000 

0.00007 

0.00909 

0.40768 

0.02000 

0.00017 

0.01708 

0.80861 

- 4.46247 

0.00000 

0.00018 

0.01310 

0.39288 

0.03000 

0.00038 

0.02494 

0.76452 

- 4. 35594 

0.00000 

0.00033 

0.01695 

0. 37829 

0.04000 

0.00067 

0.03237 

0.72148 

- 4.25080 

0.00001 

0.00052 

0.02066 

0. 36390 

0.05000 

0.00103 

0.03938 

0.67950 

- 4. 14701 

0.00001 

0.00074 

0.02423 

0.34971 

0.06000 

0.00146 

0.04597 

0.63854 

- 4.04459 

0.00002 

0.00100 

0.02766 

0.33572 

0. 07000 

0.00195 

0.05215 

0.59860 

- 3.94350 

0.00003 

0.00130 

0.03094 

0.32192 

0.08000 

0.00250 

0.05794 

0.55966 

- 3.84374 

0.00005 

0.00162 

0.03410 

0.30832 

0.09000 

0.00311 

0.06335 

0.52172 

- 3.74529 

0.00007 

0.00198 

0.03711 

0.29491 

0. 10000 

0.00376 

0.06838 

0.48475 

- 3.64816 

0.00009 

0.00236 

0.03999 

0.28169 

0. 11000 

0.00447 

0.07305 

0.44875 

- 3.55232 

0.00011 

0.00278 

0.04275 

0.26866 

0.12000 

0.00522 

0.07736 

0.41370 

- 3.45777 

0.00014 

0.00322 

0.04537 

0.25501 

0 . 13000 

0.00602 

0.08132 

0.37959 

- 3.36450 

0.00018 

0.00368 

0.04786 

0.24316 

0. 14000 

0.00605 

0.08495 

0.34641 

- 3.27250 

0.00022 

0.00418 

0.05023 

0.23069 

0. 15000 

0.00772 

0.08825 

0.31414 

- 3.18177 

0.00026 

0.00469 

0.05248 

0.21840 

0.20000 

0.01246 

0. 10017 

0.16605 

- 2.74689 

0.00057 

0.00756 

0.06191 

0. 15968 

0.25000 

0.01762 

0.10521 

0.03894 

- 2.34283 

0.00103 

0.01083 

0.06852 

0.10546 

0.30000 

0.02288 

0.10439 

- 0.06874 

- 1.96912 

0.00165 

0.01437 

0.07253 

0.05567 

0.35000 

0.02798 

0.09863 

- 0.15848 

- 1.62540 

0.00246 

0.01805 

0.07416 

0.01030 

0.40000 

0.03268 

0.08881 

- 0.23177 

- 1.31134 

0.00346 

0.02175 

0.07363 

- 0.03065 

0.45000 

0.03680 

0.07571 

- 0.29010 

- 1.02660 

0.00464 

0.02538 

0.07117 

- 0.06715 

0.50000 

0.04020 

0.06003 

- 0.33491 

- 0. 77073 

0.00599 

0.02884 

0.06699 

- 0.09920 

0.55000 

0.04277 

0.04242 

- 0.36764 

- 0.54317 

0.00752 

0.03205 

0.06132 

- 0.12678 

0.60000 

0.04442 

0.02344 

- 0. 38969 

- 0. 34318 

0.00919 

0.03495 

0.05439 

- 0. 14991 

0.65000 

0.04510 

0.00360 

- 0.40240 

- 0. 16981 

0.01101 

0.03747 

0.04641 

- 0. 16861 

0.70000 

0.04478 

- 0.01666 

- 0.40709 

- 0.02192 

0.01294 

0.03958 

0.03760 

- 0 . 18294 

0.00000 

0.04108 

- 0.05707 

- 0. 39729 

0.20307 

0.01705 

0.04239 

0.01837 

- 0. 19892 

0.90000 

0.03343 

- 0.09552 

- 0.36925 

0. 34505 

0.02135 

0.04322 

- 0.00166 

- 0 . 19908 

1.00000 

0.02209 

- 0 . 13057 

- 0.33052 

0.41974 

0-02563 

0.04208 

- 0.02098 

- 0.18529 

1. 10000 

0.00745 

- 0.16146 

- 0.28698 

0.44412 

0.02970 

0.03909 

- 0.03833 

- 0. 16002 

1.20000 

— 0.0 1005 

- 0. 18794 

- 0.24281 

0.43496 

0.03339 

0.03451 

- 0.05270 

- 0.12622 

1.40000 

- 0.05193 

- 0.22817 

- 0.16153 

0.37369 

0.03910 

0.02197 

- 0.07006 

- 0.04599 

1.60000 

- 0.10032 

- 0.25342 

- 0.09278 

0.31875 

0.04206 

0.00757 

- 0.07137 

0.03039 

1.80000 

- 0.15245 

- 0.26580 

- 0.03180 

0.29590 

0.04221 

- 0.00569 

- 0.05943 

0.08418 

2.00000 

- 0.20585 

- 0.26629 

0.02662 

0.28818 

0.04000 

- 0.01569 

- 0.03977 

0 . 10728 

2.20000 

- 0.25820 

- 0.25531 

0.08245 

0.26552 

0.03621 

- 0.02149 

- 0.01842 

0 . 10218 

2.40000 

- 0.30727 

- 0.23382 

0.13057 

0.20975 

0.03168 

- 0.02326 

- 0.00015 

0.07836 

2.60000 

- 0.35117 

- 0.20405 

0.16431 

0. 12391 

0.02712 

- 0.02193 

0.01245 

0.04733 

2.00000 

- 0.38856 

- 0. 16936 

0.17936 

0.02663 

0.02303 

- 0.01869 

0.01894 

0.01852 

3.00000 

- 0.41884 

- 0 . 13356 

0. 17570 

- 0.05982 

0.01969 

- 0.01469 

0.02038 

- 0.00269 

3.20000 

- 0.44214 

- 0. 10007 

0.15724 

- 0.11963 

0.01715 

- 0.01076 

0.01847 

- 0.01491 

3.40000 

- 0.45918 

- 0.07125 

0.12999 

- 0. 14761 

0.01535 

- 0.00741 

0.01493 

- 0.01945 

3.60000 

- 0.47103 

- 0.04825 

0.10005 

- 0. 14782 

0.01414 

- 0.00481 

0.01104 

- 0.01883 

3.80000 

- 0.47887 

- 0.03109 

0 . 072 l 1 

- 0. 12941 

0.01337 

- 0.00297 

0.00757 

- 0.01555 

4.00000 

- 0.48381 

- 0.01909 

0.04886 

- 0. 10228 

0.01291 

- 0.00174 

0.00486 

- 0.01151 

4.20000 

- 0.48678 

- 0.01117 

0.03124 

- 0.07426 

0.01265 

- 0.00097 

0.00294 

- 0.00781 

4.40000 

- 0.48848 

- 0.00624 

0.01890 

- 0.05005 

0.01250 

- 0.00051 

0.00168 

- 0.00493 

4.60000 

- 0.48941 

- 0.00332 

0.01084 

- 0.03154 

0.01243 

- 0.00026 

0.00091 

- 0.00291 

4.80000 

- 0.48989 

- 0.00169 

0.00590 

- 0.01868 

0.01239 

- 0.00013 

0.00047 

- 0.00162 

5.00000 

- 0.49014 

- 0.00082 

0.00306 

- 0.01043 

0.01237 

- 0.00006 

0.00023 

- 0.00085 

5.20000 

- 0.49025 

- 0.00038 

0.00151 

- 0.00551 

0.01236 

- 0.00003 

0.00011 

- 0.00042 

5.40000 

- 0.49030 

- 0.00017 

0.00071 

- 0.00276 

0.01236 

- 0.00001 

0.00005 

- 0.00020 

5.60000 

- 0.49033 

- 0.00007 

0.00032 

- 0.00131 

0.01236 

- 0.00000 

0.00002 

- 0.00009 

5.80000 

- 0.49034 

- 0.00003 

0.00014 

- 0.00059 

0.01236 

- 0.00000 

0.00001 

- 0.00004 

6.00000 

- 0.49034 

- 0.00001 

0.00006 

- 0.00026 

0.01236 

- 0.00000 

0.00000 

- 0.00002 

6.20000 

- 0.49034 

- 0.00000 

0.00002 

- 0.00010 

0.01236 

- 0.00000 

0.00000 

- 0.00001 

6.40000 

- 0.49034 

- 0.00000 

0.00001 

- 0.00004 

0.01236 

- 0.00000 

0.00000 

- 0.00000 

6.60000 

- 0.49034 

- 0.00000 

0.00000 

- 0.00002 

0.01236 

- 0.00000 

0.00000 

- 0.00000 

6. 80000 

- 0.49034 

0.00000 

0.00000 

- 0.00001 

0.01236 

- 0.00000 

- 0.00000 

- 0.00000 

7.00000 

- 0.49034 

0.00000 

0.00000 

- 0.00000 

0-01236 

- 0.00000 

- 0.00000 

- 0.00000 

7.20000 

- 0.49034 

0.00000 

0.00000 

- 0.00000 

0.01236 

- 0.00000 

- 0.00000 

- 0. 00000 

7.40000 

- 0.49034 

0.00000 

0.00000 

- 0.00000 

0.01236 

- 0.00000 

- 0.00000 

- 0.00000 

7.60000 

- 0.49034 

0.00000 

0.00000 

- 0.00000 

0.01236 

- 0.00000 

- 0.00000 

- 0.00000 

7.80000 

- 0.49034 

0.00000 

0.00000 

- 0.00000 

0.01236 

- 0.00000 

- 0.00000 

- 0.00000 

8.00000 

- 0.49034 

0.00000 

0.00000 

- 0.00000 

0.01236 

- 0.00000 

- 0.00000 

- 0.00000 

8.20000 

- 0.49034 

0.00000 

0.00000 

- 0.00000 

0.01236 

- 0.00000 

- 0.00000 

- 0.00000 

8.40000 

- 0.49034 

0.00000 

0.00000 

- 0.00000 

0.01236 

- 0.00000 

- 0.00000 

- 0.00000 

8.60000 

- 0.49034 

0.00000 

0.00000 

0.00000 

0.01236 

- 0.00000 

- 0.00000 

0.00000 

8. 00000 

- 0.49034 

0.00000 

0.00000 

0.00000 

0.01236 

- 0.00000 

- 0.00000 

0.00000 

9.00000 

- 0.49034 

0.00000 

0.00000 

0.00000 

0.01236 

- 0.00000 

- 0.00000 

0.00000 

9.20000 

- 0.49034 

0.00000 

0.00000 

0.00000 

0.01236 

- 0.00000 

- 0.00000 

0.00000 

9.40000 

-0.49034 

0.00000 

0.00000 

0.00000 

0.01236 

- 0.00000 

- 0.00000 

0.00000 

9.60000 

- 0.49034 

0.00000 

0.00000 

0.00000 

0.01236 

- 0.00000 

- 0.00000 

0.00000 

9.80000 

- 0.49034 

0.00000 

0.00000 

0.00000 

0.01236 

- 0.00000 

- 0.00000 

0.00000 

10.00000 

- 0.49034 

0.00000 

0.00000 

0.00000 

0.01236 

- 0.00000 

- 0.00000 

0.00000 
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1 

7 F 3 

( g 2 S ,) 

7 F 3 

F " 

7 h 3 

f ‘" 

7^3 

8 F 3 
( 8 , 8 2 ) 

8 F 3 

f “ 

8 h 3 

0 . 

0 . 

0 . 

- 0.03577 

1.19271 

0 . 

0 . 

- 0.08657 

0.01000 

- 0.00000 

- 0.00030 

- 0.02403 

1.15513 

- 0.00000 

- 0.00087 

- 0.08656 

0.02000 

- 0.00001 

- 0.00048 

- 0.01267 

1.11800 

- 0.00002 

- 0.00173 

- 0.08654 

0.03000 

- 0.00001 

- 0.00055 

- 0.00167 

1.08130 

- 0.00004 

- 0.00260 

- 0.08651 

0.04000 

- 0.00002 

- 0.00052 

0.00896 

1.04505 

- 0.00007 

- 0.00346 

- 0.08646 

0.05000 

- 0.00002 

- 0.00038 

0.01923 

1.00922 

- 0.00011 

- 0.00433 

- 0.08640 

0.06000 

- 0.00002 

- 0.00013 

0.02915 

0.97382 

- 0.00016 

- 0.00519 

- 0.08632 

0.07000 

- 0.00002 

0.00021 

0.03871 

0.93884 

- 0.00021 

- 0.00605 

- 0.08623 

0.08000 

- 0.00002 

0.00064 

0.04793 

I 0.90429 

- 0.00028 

- 0.00691 

- 0.08613 

0.09000 

- 0.00001 

0.00116 

0.05680 

0 . 870 L 5 

- 0.00035 

- 0.00777 

- 0.08602 

0.10000 

0.00000 

0.00177 

0.06533 

0. 83642 

- 0.00043 

- 0.00863 

- 0.08589 

0.11000 

0.00003 

0.00247 

0.07353 

0.80310 

- 0.00052 

- 0.00949 

- 0.08575 

0. 12000 

0.00005 

0.00324 

! 0.08139 

0.77020 

- 0.00062 

- 0.01035 

- 0.08559 

0.13000 

0.00009 

0.00410 

0.08893 

0.73770 

- 0.00073 

- 0.01120 

- 0.08542 

0.14000 

0.00014 

0.00502 

0.09615 

0.70560 

- 0.00085 

- 0.01206 

- 0.08524 

0. 15000 

0.00019 

0.00602 

0.10305 

0.67391 

- 0.00097 

- 0.01291 

- 0.08505 

0.20000 

0.00063 

0.01195 

0. 13289 

0. 52148 

- 0.00172 

- 0.01713 

- 0.08388 

0.25000 

0.00141 

0.01918 

0.15536 

0.37908 

- 0.00268 

- 0.02129 

- 0.08239 

0.30000 

0.00257 

0.02737 

0.17097 

0.24675 

- 0.00385 

- 0.02537 

- 0.08057 

0.35000 

0.00416 

0.03617 

0.18021 

0. 12464 

- 0.00522 

- 0.02934 

- 0.07843 

0.40000 

0.00619 

0.04529 

0.18360 

0.01294 

- 0.00678 

- 0.03320 

- 0.07598 

0.45000 

0.00869 

0.05445 

0.18168 

- 0.08813 

- 0.00854 

- 0.03694 

- 0.07321 

0.50000 

0.01163 

0.06338 

0.17497 

- 0. 17835 

- 0.01047 

- 0.04052 

- 0.07013 

0.55000 

0.01502 

0.07187 

0.16403 

- 0.25752 

- 0.01259 

- 0.04394 

- 0.06675 

0.60000 

0.01881 

0.07972 

0.14940 

- 0.32551 

- 0.01487 

- 0.04719 

- 0.06308 

0.65000 

0.02297 

0.08676 

0.13166 

- 0. 38225 

- 0.01730 

- 0.05025 

- 0.05914 

0.70000 

0.02747 

0.09285 

0.11137 

- 0.42775 

- 0.01989 

- 0.05310 

- 0.05495 

0.80000 

0.03724 

0.10173 

0.06533 

- 0.48564 

- 0.02546 

- 0.05815 

- 0.04588 

0.90000 

0.04765 

0.10579 

0.01564 

- 0.50154 

- 0.03148 

- 0.06225 

- 0.03609 

1.00000 

0.05823 

0. 10487 

- 0.03371 

- 0.47971 

- 0.03787 

- 0.06535 

- 0.02583 

1. 10000 

0.06847 

0.09918 

- 0.07924 

- 0.42617 

- 0.04452 

- 0.06741 

- 0.01538 

1.20000 

0.07792 

0.08924 

- 0.11814 

- 0.34837 

- 0.05132 

- 0.06843 

- 0.00505 

| 1.40000 

0.09301 

0.05989 

- 0.16881 

- 0. 15335 

- 0.06498 

- 0.06748 

0.01409 

1.60000 

0.10147 

0.02440 

- 0.17959 

0.04050 

- 0.07808 

- 0.06305 

0.02949 

1. 80000 

0 . 10287 

- 0.00964 

- 0.15603 

0 . 18403 

- 0.09002 

- 0.05603 

0.03983 

2.00000 

0.09810 

- 0.03656 

- 0.11091 

0.25461 

- 0. 10039 

- 0.04748 

0.04474 

2.20000 

0.08891 

- 0.05354 

- 0.05885 

0.25572 

- 0. 10898 

- 0.03846 

0.04477 

2.40000 

0.07735 

- 0.06046 

- 0.01188 

0.20801 

- 0.11580 

- 0.02982 

0.04109 

2.60000 

0.06528 

- 0.05912 

0.02286 

0.13769 

- 0.12098 

- 0.02217 

0.03513 

2.80000 

0.05407 

- 0.05228 

0.04321 

0.06734 

- 0.12475 

- 0.01583 

0.02824 

3.00000 

0.04455 

- 0.04270 

0.05076 

0.01118 

- 0.12740 

- 0.01086 

0.02149 

3.20000 

0.03703 

- 0.03260 

0.04901 

- 0.02527 

- 0.12919 

- 0.00718 

0.01555 

3.40000 

0.03145 

- 0.02345 

0.04190 

- 0.04309 

- 0.13034 

- 0.00457 

0.01074 

3.60000 

0.02753 

- 0.01597 

0.03271 

- 0.04686 

- 0.13107 

- 0.00280 

0.00709 

3.80000 

0.02493 

- 0.01035 

0.02372 

- 0.04208 

- 0.13151 

- 0.00166 

0.00449 

4.00000 

0.02328 

- 0.00639 

0.01613 

- 0.03349 

- 0.13176 

- 0.00095 

0.00273 

4.20000 

0.02229 

- 0.00377 

0.01036 

- 0.02435 

- 0.13191 

- 0.00053 

0.00160 

4.40000 

0.02171 

- 0.00213 

0.00631 

- 0.01644 

- 0.13198 

- 0.00028 

0.00090 

4.60000 

0.02139 

- 0.001 16 

0.00366 

- 0.01040 

- 0.13203 

- 0 . 000 L 5 

0.00049 

4.80000 

0.02122 

- 0.00060 

0.00202 

- 0.00622 

- 0.13205 

- 0.00007 

0.00026 

5.00000 

0.02113 

- 0.00030 

0.00107 

- 0.00352 

- 0.13206 

- 0.00004 

0.00013 

5.20000 

0.02109 

- 0.00015 

0.00054 

— 0. 00 L 90 

- 0.13206 

- 0.00002 

0.00006 

5.40000 

0.02107 

- 0.00007 

0.00026 

- 0.00098 

- 0.13206 

- 0.00001 

0.00003 

5.60000 

0.02106 

- 0.00003 

0.00012 

- 0.00048 

- 0. 13207 

- 0.00000 

0.00001 

5.80000 

0.02106 

- 0.00001 

0.00006 

- 0.00023 

- 0.13207 

- 0.00000 

0. 00001 

6.00000 

0.02105 

- 0.00001 

0.00002 

- 0.00010 

- 0.13207 

- 0.00000 

0.00000 

6.20000 

0.02105 

- 0.00000 

0.00001 

- 0.00005 

- 0.13207 

0.00000 

0.00000 

6.40000 

0.02105 

- 0.00000 

0.00000 

- 0.00002 

- 0. 13207 

0.00000 

0.00000 

6.60000 

0.02105 

- 0.00000 

0.00000 

- 0.00001 

- 0.13207 

0.00000 

0.00000 

6.80000 

0.02105 

- 0.00000 

0.00000 

- 0.00000 

- 0.13207 

0.00000 

0.00000 

7.00000 

0.02105 

- 0.00000 

0.00000 

- 0.00000 

- 0.13207 

0.00000 

0.00000 

7.20000 

0.02105 

- 0.00000 

0.00000 

- 0.00000 

- 0.13207 

0.00000 

0.00000 

7.40000 

0.02105 

- 0.00000 

- 0.00000 

- 0.00000 

- 0.13207 

0.00000 

0.00000 

7.60000 

0.02105 

- 0.00000 

- 0.00000 

- 0. 00000 

- 0.13207 

0.00000 

0.00000 

7.80000 

0.02105 

- 0.00000 

- 0.00000 

- 0.00000 

- 0.13207 

0.00000 

0.00000 

8.00000 

0.02105 

- 0.00000 

- 0.00000 

- 0.00000 

- 0.13207 

0.00000 

0.00000 

8.20000 

0.02105 

- 0.00000 

- 0.00000 

- o.aoooo 

- 0.13207 

0.00000 

0.00000 

8.40000 

0.02105 

- 0.00000 

- 0.00000 

- 0.00000 

- 0.13207 

0.00000 

0.00000 

8.60000 

0.02105 

- 0.00000 

- 0.00000 

0.00000 

- 0. 13207 

0.00000 

0.00000 

8.80000 

0.02105 

- 0.00000 

- 0.00000 

0.00000 

- 0.13207 

0.00000 

0.00000 

9.00000 

0.02105 

- 0.00000 

- 0.00000 

0.00000 

- 0.13207 

0.00000 

0.00000 

9.20000 

0. 02105 

- 0.00000 

- 0.00000 

0.00000 

- 0.13207 

0. 00000 

0.00000 

9.40000 

0.02105 

- 0.00000 

- 0.00000 

0.00000 

- 0.13207 

0.00000 

0.00000 

9.60000 

0.02105 

- 0.00000 

- 0.00000 

0.00000 

- 0.13207 

0.00000 

0.00000 

9.80000 

0.02105 

- 0.00000 

- 0.00000 

0.00000 

- 0.13206 

0.00000 

0.00000 

10.00000 

0.02105 

- 0.00000 

- 0.00000 

0.00000 

- 0.13206 

0.00000 

0.00000 


8 F 3 


0 . 

0.00139 
0.00276 
0.00413 
0.00549 
0.00684 
0.00819 
0.00953 
0.01086 
0.01219 
0.01352 
0.01484 
0.01616 
0.01747 
0.01878 
0.02009 
0.02660 
0.03308 
0.03953 
0.04594 
0.05228 
0.05852 
0.06461 
0.07050 
0.07612 
0.08142 
0.08632 
0.09468 
0.10071 
0. 10404 
0.10441 
0.10174 
0.08784 
0.06508 
0.03802 
0.01157 
- 0.01028 
- 0.02531 
- 0.03314 
- 0.03481 
- 0.03213 
- 0.02703 
- 0.02110 
- 0.01547 
- 0.01072 
- 0.00706 
- 0.00443 
- 0.00266 
- 0.00154 
- 0.00085 
- 0.00045 
- 0.00023 
- 0.00012 
- 0.00006 
- 0.00003 

- 0.00001 

- 0.00001 

- 0.00000 

- 0.00000 

- 0.00000 

- 0.00000 

- 0.00000 

-0.00000 

- 0.00000 

- 0.00000 

- 0.00000 

- 0.00000 

- 0.00000 

- 0.00000 

- 0.00000 

- 0.00000 

- 0.00000 

- 0.00000 

- 0.00000 

- 0.00000 

- 0.00000 
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TABLE I.- 


AXISXMMETRIC STAGNATION -POINT UNIVERSAL FUNCTIONS 
a Q = 0.75 - Continued 


V 

9 F 3 

(g 3 > 

9F3 

f" 

9 h 3 

F*“ 
9' 3 

10 F 3 

(S 3 > 

p' 

IO r 3 

p" 

IO r 3 

p‘" 

I0 r 3 

0 . 

0 . 

0. 

- 0.24834 

1.34454 

0. 

0. 

0.20051 

- 0.50000 

o.oioop 

- 0.00001 

- 0.00242 

- 0.23503 

1.31719 

0.00001 

0.00198 

0.19555 

- 0.49279 

0.02000 

- 0.00005 

- 0.00470 

- 0.22200 

1.29011 

0.00004 

0.00391 

0.19065 

- 0.48565 

0.03000 

- 0.00011 

- 0.00686 

- 0.20923 

1.26330 

0.00009 

0.00579 

0.18583 

- 0.47857 

0.04000 

- 0.00018 

- 0.00889 

- 0.19673 

1.23675 

0.00016 

0.00763 

0.18108 

- 0.47156 

0.05000 

- 0.00028 

- 0.01079 

- 0.18449 

1.21045 

0.00024 

0.00942 

0.17640 

- 0.46462 

0.06000 

- 0.00040 

- 0.01258 

- 0.17252 

1.18442 

0.00034 

0.01116 

0.17179 

- 0.45775 

0.07000 

- 0.00053 

- 0.01424 

- 0.16080 

1.15864 

0.00046 

0.01285 

0. 16725 

- 0.45094 

0.08000 

- 0.00068 

- 0.01579 

- 0.14935 

1.13311 

0.00060 

0.01450 

0.16277 

- 0.44419 

0.09000 

- 0.00085 

- 0.01723 

- 0 . 138 L 4 

1. 10783 

0.00075 

0.01611 

0.15836 

- 0.43751 

0.10000 

- 0.00103 

- 0.01856 

- 0.12719 

1.08280 

0.00092 

0.01767 

0.15402 

- 0.43089 

0.11000 

- 0.00122 

- 0.01978 

- 0. 11648 

1.05801 

0.00111 

0.01919 

0.14974 

- 0.42434 

0.12000 

- 0.00142 

- 0.02089 

- 0.10603 

1.03347 

0.00131 

0.02066 

0.14553 

- 0.41784 

0. 13000 

- 0.00164 

- 0.02190 

- 0.09581 

1.00917 

0.00152 

0.02210 

0. 14139 

- 0.41141 

0.14000 

- 0.00186 

- 0.02281 

- 0.08584 

0.98511 

0.00175 

0.02349 

0 . 13730 

- 0.40504 

0. 15000 

- 0.00209 

- 0.02362 

- 0.07611 

0.96128 

0.00199 

0.02484 

0.13329 

- 0.39873 

0.20000 

- 0.00335 

- 0.02627 

- 0.03096 

0.84570 

0.00339 

0.03102 

0.11412 

- 0. 36805 

0.25000 

- 0.00469 

- 0.02681 

0.00856 

0.73593 

0.00508 

0.03628 

0.09646 

- 0.33879 

0. 30000 

- 0.00600 

- 0.02550 

0.04273 

0.63190 

0.00700 

0.04069 

0.08022 

- 0.31091 

0. 35000 

- 0.00721 

- 0.02262 

0.07184 

0.53359 

0.00913 

0.04433 

0.06534 

- 0.28436 

0.40000 

- 0.00824 

- 0.01840 

0.09618 

0.44101 

0.01142 

0.04725 

0.05176 

- 0.25911 

j 0.45000 

- 0.00903 

- 0.01307 

0. 1 1604 

0. 35422 

0.01385 

0.04952 

0.03941 

- 0.23513 

0.50000 

- 0.00953 

- 0.00686 

0.13170 

0.27325 

0.01637 

0.05121 

0.02823 

- 0.21238 

0.55000 

- 0.00971 

0.00003 

0.14346 

0. 19815 

0.01896 

0.05236 

0.01815 

- 0. 19086 

0.60000 

- 0.00952 

0.00742 

0.15161 

0. 12899 

0.02160 

0.05304 

0.00912 

- 0. 17053 

0.65000 

- 0.00896 

0.01514 

0.15646 

0.06577 

0.02426 

0.05329 

0.00108 

- 0.15138 

0.70000 

- 0.00800 

0.02302 

0.15829 

0.00852 

0.02692 

0.05317 

- 0.00603 

- 0.13339 

0.80000 

- 0.00491 

0.03872 

0.15411 

- 0.08821 

0.03218 

0.05195 

- 0.01771 

- 0. 10080 

0.90000 

- 0.00029 

0.05356 

0.14142 

- 0.16177 

0.03728 

0.04973 

- 0.02634 

- 0.07259 

1.00000 

0.00574 

0.06680 

0.12249 

- 0.21334 

0.04211 

0.04677 

- 0.03236 

- 0.04855 

1.10000 

0.01300 

0.07792 

0.09943 

- 0.24465 

0.04661 

0.04333 

- 0.03618 

- 0.02843 

1.20000 

0.02125 

0.08661 

0.07416 

- 0.25799 

0.05076 

0.03960 

- 0.03817 

- 0.01196 

1.40000 

0.03971 

0.09630 

0.02336 

- 0.24173 

0.05791 

0.03190 

- 0.03803 

0.01133 

1.60000 

0.05913 

0.09646 

- 0.02004 

- 0.18800 

0.06355 

0.02462 

- 0.03434 

0.02409 

1.80000 

0.07779 

0.08914 

- 0.05084 

- 0. 11912 

0.06782 

0.01828 

- 0.02891 

0.02915 

2.00000 

0.09447 

0.07705 

- 0.06785 

- 0.05249 

0.07094 

0.01308 

- 0.02302 

0.02908 

2.20000 

0. 10847 

0.06281 

- 0.07272 

0.00106 

0.07313 

0.00904 

- 0.01748 

0.02602 

2.40000 

0.1 1959 

0.04856 

- 0.06861 

0.03702 

0.07462 

0.00604 

- 0.01270 

0.02157 

2.60000 

0.12799 

0.03573 

- 0.05907 

0.05576 

0.07560 

0.00390 

- 0.00887 

0.01683 

2.80000 

0.13403 

0.02508 

- 0.04723 

0.06062 

0.07623 

0.00243 

- 0.00595 

0.01245 

3.00000 

0.13818 

0.01683 

- 0.03544 

0.05614 

0.07661 

0.00147 

- 0.00384 

0.00878 

3.20000 

0.14091 

0.01081 

- 0.02511 

0.04670 

0.07684 

0.00085 

- 0.00238 

0.00591 

3.40000 

0.14263 

0.00665 

- 0.01686 

0.03573 

0.07697 

0.00048 

- 0.00142 

0.00380 

3.60000 

0.14366 

0.00392 

- 0.01077 

0.02547 

0.07704 

0.00026 

- 0.00082 

0.00235 

3.30000 

0. 14426 

0.00222 

- 0.00655 

0.01705 

0.07708 

0.00014 

- 0.00045 

0.00139 

4.00000 

0.14460 

0.00120 

- 0.00380 

0.01078 

0.07710 

0.00007 

- 0 . 000 Z 4 

0.00078 

4.20000 

0. 14477 

0.00063 

- 0.00211 

0.00645 

0.07711 

0.00003 

- 0.00012 

0.00043 

4.40000 

0.14486 

0.00031 

- 0.00112 

0.00367 

0.07711 

0.00002 

- 0.00006 

0.00022 

4.60000 

0.14491 

0.00015 

- 0.00057 

0.00198 

0.07711 

0.00001 

- 0.00003 

0.00011 

4.80000 

0.14493 

0.00007 

- 0.00027 

0.00102 

0 - C 7 7 1 1 

0.00000 

- 0.00001 

0.00005 

5.00000 

0. 14494 

0.00003 

- 0.00013 

0 , >0050 

0.07712 

0.00000 

- 0.00001 

0.00002 

5.20000 

0. 14494 

0.00001 

- 0.00006 

0 .00024 

0.07712 

0.00000 

- 0.00000 

0.00001 

5.40000 

0.14494 

0.00001 

- 0.00002 

0.00011 

0.07712 

0.00000 

-0.00000 

0.00000 

5.60000 

0. 14495 

0.00000 

- 0.00001 

0.00005 

0.07712 

-0.00000 

- 0.00000 

0.00000 

5.80000 

0.14495 

0.00000 

- 0.00000 

0.00002 

0.07712 

- 0.00000 

- 0.00000 

0.00000 

6.00000 

0.14495 

0.00000 

-0.00000 

0.00001 

0.07712 

- 0.00000 

- 0.00000 

0.00000 

6.20000 

0.14495 

0.00000 

- 0.00000 

0.00000 

0.07712 

-0.00000 

- 0.00000 

0.00000 

6.40000 

0.14495 

- 0.00000 

- 0.00000 

0.00000 

0.07712 

- 0.00000 

- 0.00000 

0.00000 

6.60000 

0.14495 

-0.00000 

-0.00000 

0.00000 

0.07712 

- 0.00000 

- 0.00000 

0.00000 

6.80000 j 

0.14495 

-0.00000 

- 0.00000 

0.00000 

0.07712 

-0.00000 

- 0.00000 

0.00000 

7.00000 ! 

0.14495 

- 0.00000 

- 0.00000 

0.00000 

0.07712 

- 0.00000 

- 0.00000 

0.00000 

7.20000 

0. 14495 

- 0.00000 

- 0.00000 

0.00000 

0.07712 

- 0.00000 

- 0.00000 

0.00000 

7.40000 

0.14495 

- 0.00000 

- 0.00000 

-0.00000 

0.07712 

- 0.00000 

- 0.00000 

0.00000 

7.60000 

0. 14495 

- 0.00000 

- 0.00000 

- 0.00000 

0.07712 

- 0.00000 

- 0.00000 

- 0. 00000 

7.80000 

0.14495 

- 0.00000 

- 0.00000 

-0.00000 

0.07712 

- 0.00000 

- 0.00000 

- 0.00000 

8.00000 

0.14495 

- 0.00000 

- 0.00000 

-0.00000 

0.07712 

- 0.00000 

- 0.00000 

- 0.00000 

8.20000 

0.14495 

- 0.00000 

- 0.00000 

- 0. 00000 

0.07712 

- 0.00000 

- 0.00000 

- 0.00000 

8.40000 

0.14495 

- 0.00000 

- 0.00000 

-0.00000 

0.07712 

- 0.00000 

- 0.00000 

0.00000 

8.60000 

0.14495 

- 0.00000 

- 0.00000 

0.00000 

0.07712 

- 0.00000 

- 0.00000 

0.00000 

8.80000 

0.14495 

- 0.00000 

- 0.00000 

0.00000 

0.07712 

- 0.00000 

- 0.00000 

0.00000 

9.00000 

0.14495 

- 0.00000 

-0.00000 

-0.00000 

0.07712 

- 0.00000 

- 0.00000 

0.00000 

9.20000 

0. 14495 

- 0.00000 

- 0.00000 

0.00000 

0.07711 

- 0.00000 

- 0.00000 

0.00000 

9.40000 

0.14495 

- 0.00000 

- 0.00000 

0.00000 

0.07711 

- 0.00000 

- 0.00000 

0.00000 

9.60000 

0.14495 

- 0.00000 

- 0.00000 

0.00000 

0.07711 

- 0.00000 

- 0.00000 

0.00000 

9.80000 

0.14495 

- 0.00000 

- 0.00000 

0.00000 

0.07711 

- 0.00000 

- 0.00000 

0.00000 

10.00000 

0.14495 

- 0.00000 

- 0.00000 

0.00000 

0.07711 

- 0.00000 

- 0.00000 

0.00000 
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TABLE I . - AXISYMMETRIC STAGNATION-POINT UNIVERSAL FUNCTIONS 

a Q = O.75 - Continued 


V 

A 

(g, g 3 ) 

|Fi 

f" 
r 4 

F". 

r 4 

2 F 4 

(8, S3) 

f‘ 

2'4 

pit 

2* 4 

pin 
2* 4 

0. 

0. 

0. 

1.37895 

-8.38499 

0. 

0. 

-0.08763 

0. 

O.OLOOO 

0.00007 

0.01337 

1.29629 

-8.14696 

-0.00000 

-0.00088 

-0.08762 

0.00242 

0.02000 

0.00026 

0.02593 

1.21599 

-7.91317 

-0.00002 

-0.00175 

-0.08758 

0.00479 

| 0.03000 

0.00058 

0.03770 

1.13801 

-7.68358 

-0.00004 

-0.00263 

-0.08752 

0.00713 

0.04000 

0.00102 

0.04870 

1.06231 

-7.45811 

-0.00007 

-0.00350 

-0.08744 

0.00942 

0.05000 

0.00156 

0.05896 

0.98884 

-7.23672 

-0.00011 

-0.00438 

-0.08733 

0.01169 

0.06000 

0.00219 

0.06849 

0.91756 

-7.01935 

-0.00016 

-0.00525 

-0.08721 

0.01391 

0.07000 

0.00292 

0.07731 

0.84844 

-6.80594 

-0.00021 

-0.00612 

-0.08706 

0.01610 

0.08000 

0.00374 

0.08546 

0.78143 

-6.59645 

-0.00028 

-0.00699 

-0.08688 

0.01826 

0.09000 

0.00463 

0.09295 

0.71649 

-6.39084 

-0.00035 

-0.00786 

-0-08669 

0.02038 

0.10000 

0.00559 

0.09980 

0.65360 

-6. 18904 

-0.00044 

-0.00872 

-0.08648 

0.02248 

0. 11000 

0.00662 

0.10603 

0.59270 

-5.99102 

-0.00053 

-0.00959 

-0.08624 

0.02454 

0.12000 

0.00771 

0.11166 

0.53377 

-5.79673 

-0.00063 

-0.01045 

-0.08599 

0.02657 

0.13000 

0.00885 

0.11671 

0.47675 

-5.60613 

-0.00074 

-0.01131 

-0.08571 

0.02856 

0. 14000 

0.01004 

0. 12120 

0.42163 

-5.41917 

-0.00086 

-0.01216 

-0.08541 

0.03053 

0.15000 

0.01128 

0.12515 

0.36836 

-5.23582 

-0.00098 

-0.01302 

-0.08510 

0.03248 

0.20000 

0.01789 

0.13739 

0.12853 

-4.37181 

-0.00174 

-0.01723 

-0.08324 

0.04176 

0.25000 

0.02483 

0.13869 

-0.07023 

-3.59238 

-0.00270 

-0.02133 

-0.08093 

0.05039 

0.30000 

0.03161 

0.13098 

-0.23205 

-2.89334 

-0.00387 

-0.02531 

-0.07821 

0.05838 

0.35000 

0.03781 

0.11603 

-0.36084 

-2.27075 

-0.00523 

-0.02915 

-0.07511 

0.06575 

0.40000 

0.04312 

0.09539 

-0.46033 

-1.72079 

-0.00678 

-0.03282 

-0.07165 

0.07250 

0.45000 

0.04728 

0.07043 

-0.53406 

-1.23963 

-0.00851 

-0.03631 

-0.06787 

0.07862 

0.50000 

0.05011 

0.04235 

-0.58538 

-0.82337 

-0.01041 

-0.03960 

-0.06380 

0.08408 

0.55000 

0.05148 

0.01221 

-0.61742 

-0.46797 

-0.01247 

-0.04268 

-0.05947 

0.08888 

0.60000 

0.05131 

-0.01912 

-0.63312 

-0.16922 

-0.01467 

-0.04554 

-0.05492 

0.09298 

0.65000 

0.04956 

-0.05087 

-0.63521 

0.07724 

-0.01702 

-0.04817 

-0.05018 

0.09638 

0.70000 

0.04623 

-0.08245 

-0.62619 

0.27597 

-0.01949 

-0.05056 

-0.04529 

0.09906 

0.80000 

0.03491 

-0.14317 

-0.58367 

0.54892 

-0.02475 

-0.05459 

-0.03521 

0.10220 

0.90000 

0.01777 

-0.19851 

-0.52088 

0.68753 

-0.03037 

-0.05759 

-0.02495 

0. 10242 

1.00000 

-0.00457 

-0.24706 

-0.44940 

0. 72891 

-0.03624 

-0.05958 

-0.01482 

0.09980 

1.10000 

-0.03140 

-0.28837 

-0.37720 

0.70722 

-0.04225 

-0.06057 

-0.00508 

0.09459 

1.20000 

-0.06201 

-0.32264 

-0.30908 

0.65168 

-0.04832 

-0.06062 

0.00402 

0.08711 

1.40000 

-0.13189 

-0.37230 

-0.19189 

0.52327 

-0.06025 

-0.05819 

0.01954 

0.06709 

1.60000 

-0.20952 

-0.40086 

-0.09633 

0.44325 

-0.07142 

-0.05310 

0.03063 

0.04358 

1.80000 

-0.29104 

-0.41149 

-0.01080 

0.41847 

-0.08137 

-0.04626 

0.03699 

0.02033 

2.00000 

-0.37300 

-0.40534 

0.07195 

0.40712 

-0.08987 

-0.03860 

0.03898 

0.00031 

2.20000 

-0.45210 

-0.38301 

0-14994 

0.36509 

-0.09681 

-0.03090 

0.03745 

-0.01470 

2.40000 

-0.52524 

-0.34625 

0.21463 

0.27370 

-0.10227 

-0.02378 

0.03347 

-0.02412 

2.60000 

-0.58987 

-0.29867 

0.25682 

0.14401 

-0. 10639 

-0.01760 

0.02815 

-0.02833 

2.80000 

-0.64433 

-0.24536 

0.27161 

0.00499 

-0. 10938 

-0.01255 

0.02242 

-0.02837 

3.00000 

-0.68800 

-0.19178 

0.26024 

-0.11305 

-0. 11148 

-0.00861 

0.01699 

-0.02560 

3.20000 

-0.72134 

-0. 14259 

0.22913 

-0.19051 

-0.11290 

-0.00570 

0.01228 

-0.02131 

3.40000 

-0.74554 

-0.10086 

0.18709 

-0.22266 

-0.11382 

-0.00364 

0.00849 

-0.01658 

3.60000 

-0.76227 

-0.06791 

0. 14261 

-0.21685 

-0.11440 

-0.00224 

0.00563 

-0.01217 

3.80000 

-0.77328 

-0.04355 

0.10198 

-0. 18658 

-0.11475 

-0.00133 

0.00358 

-0.00846 

4.00000 

-0.78018 

-0.02662 

0.06868 

-0.14571 

-0.11495 

-0.00077 

0.00219 

-0.00560 

4.20000 

-0.78432 

-0.01552 

0.04368 

-0. 10486 

-0.11507 

-0.00043 

0.00129 

-0.00354 

4.40000 

-0.78667 

-0.00864 

0.02631 

-0.07020 

-0.11513 

-0.00023 

0.00073 

-0.00214 

4.60000 

-0.78796 

-0.00459 

0.01503 

-0.04401 

-0.11517 

-0.00012 

0.00040 

-0.00124 

4.80000 

-0.78863 

-0.00233 

0.008L6 

-0.02595 

-0.11518 

-0.00006 

0.00021 

-0.00069 

5.00000 

-0.78896 

-0.00113 

0.00422 

-0.01444 

-0.11519 

-0.00003 

0.00011 

-0.00037 

5.20000 

-0.78912 

-0.00053 

0.00208 

-0.00761 

-0.11520 

-0. 00001 

0.00005 

-0.00019 

5.40000 

-0.78919 

-0.00023 

0.00097 

-0.00380 

-0.11520 

-0.00001 

0.00003 

-0.00010 

5.60000 

-0.78923 

-0.00010 

0.00044 

-0.00180 

-0.11520 

-0.00000 

0.00001 

-0.00005 

5.80000 

-0.78924 

-0.00004 

0.00019 

-0.00081 

-0.11520 

-0.00000 

0.00001 

-0.00002 

6.00000 

-0.78924 

-0.00002 

0.00008 

-0.00035 

-0.11520 

-0.00000 

0.00000 

-0.00001 

6.20000 

-0.78925 

-0.00001 

0.00003 

-0.00014 

-0.11520 

-0.00000 

0.00000 

-0.00000 

6.40000 

-0.78925 

-0.00000 

0.00001 

-0.00006 

-0.11520 

-0.00000 

0.00000 

-0.00000 

6.60000 

-0.78925 

-0.00000 

0.00000 

-0.00002 

-0.11520 

-0.00000 

0.00000 

-0.00000 

6.80000 

-0.78925 

-0.00000 

0.00000 

-0.00001 

-0.11520 

-0.00000 

0.00000 

-0.00000 

7.00000 

-0.78925 

-0.00000 

0.00000 

-0.00000 

-0.11520 

-0.00000 

0.00000 

-0.00000 

7.20000 

-0.78925 

-0.00000 

0.00000 

-0.00000 

-0.11520 

-0.00000 

0.00000 

-0.00000 

7.40000 

-0.78925 

-0.00000 

-0.00000 

-0.00000 

-0.11520 

-0.00000 

0.00000 

-0.00000 

7.60000 

-0.78925 

-0.00000 

-0.00000 

-0.00000 

-0.11520 

-0.00000 

0.00000 

-0.00000 

7.80000 

-0.78925 

-0.00000 

-0.00000 

-0.00000 

-0.11520 

-0.00000 

0.00000 

-0.00000 

8.00000 

-0.78925 

-0.00000 

-0.00000 

-0.00000 

-0.11520 

-0.00000 

0.00000 

-0.00000 

8.20000 

-0.78925 

-0.00000 

-0.00000 

-0.00000 

-0.11520 

0.00000 

0.00000 

-0. 00000 

8.40000 

-0.78925 

-0.00000 

-0.00000 

-0.00000 

-0.11520 

0.00000 

0.00000 

-0.00000 

8.60000 

-0.78925 

-0.00000 

-0.00000 

0.00000 

-0.11520 

0.00000 

0.00000 

-0.00000 

8.80000 

-0.78925 

-0.00000 

-0.00000 

0.00000 

-0.11520 

0.00000 

0.00000 

-0.00000 

9.00000 

-0.78925 

-0.00000 

-0.00000 

0.00000 

-0.H520 

0.00000 

0.00000 

-0.00000 

9.20000 

-0.78925 

-0.00000 

-0.00000 

0.00000 

-0.11520 

0.00000 

0.00000 

-0.00000 

9.40000 

-0.78925 

-0.00000 

-0.00000 

0.00000 

-0.11520 

0.00000 

0.00000 

-0.00000 

9.60000 

-0.78925 

-0.00000 

-0.00000 

0.00000 

-0.11520 

0.00000 

0.00000 

-0.00000 

9.80000 

-0.78925 

-0.00000 

-0.00000 

0.00000 

-0.11520 

0.00000 

0.00000 

-0.00000 

10.00000 

-0.78925 

-0.00000 

-0.00000 

0.00000 

-0.11520 

0.00000 

0.00000 

-0.00000 
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TABLE I. - AXISYMMETRIC STAGNATION -POINT UNIVERSAL FUNCTIONS 
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V 

1P5 

( g 2 g 3 ) 

n 

0 

mm 

|F 6 

g 2 g 3 ) 

■ 


F"‘ 

r 6 

0 . 

0 . 

0 . 

3.96078 

- 27.71792 

0 . 

0 . 

- 57.43956 

443. 19953 

0.01000 

0.00019 

0.03824 

3.68843 

- 26.75533 

- 0.00280 

- 0.55255 

- 53.10033 

424.74121 

0.02000 

0.00076 

0.07380 

3.42560 

- 25.81559 

- 0.01091 

- 1.06261 

- 48.94286 

406.84478 

0.03000 

0.00166 

0.10678 

3.17205 

- 24.89828 

- 0.02392 

- 1.53199 

- 44.96160 

389.49677 

0.04000 

0.00288 

0.13727 

2.92756 

- 24.00299 

- 0.04142 

- 1.96241 

- 41.15114 

372.68409 

0.05000 

0.00440 

0.16536 

2.69191 

- 23. 12934 

- 0.06304 

- 2.35556 

- 37.50618 

356.39396 

0.06000 

0.00618 

0.19114 

2.46490 

- 22.27695 

- 0 . 08B41 

- 2.71307 

- 34.02156 

340.61405 

0.07000 

0.00821 

0.21469 

2.24631 

- 21.44545 

- 0.11719 

- 3.03651 

- 30.69224 

325.33220 

0.08000 

0.01047 

0.23609 

2.03592 

- 20. 63446 

- 0.14903 

— 3.32762 

- 2 7.51329 

310.53666 

0.09000 

0.01293 

0.25543 

1.83355 

- 19.84365 

- 0.18363 

- 3.58726 

- 24.47992 

296.21587 

0. 10000 

0.01557 

0.27279 

1.63898 

- 19.07266 

- 0.22068 

- 3.81749 

- 21.58743 

282.35862 

0.11000 

0.01838 

0.28824 

1.45203 

- 18.32116 

- 0.25989 

- 4.01947 

- 18.83124 

268.95392 

0. 12000 

0.02133 

0.30185 

1.27250 

- 17.58881 

- 0.30098 

- 4. 19455 

- 16.20688 

255.99100 

0. 13000 

0.02441 

0.31371 

1.10019 

- 16.87530 

- 0.34369 

— 4 .34403 

- 13.70998 

243.45940 

0. 14000 

0.02760 

0.32388 

0.93493 

- 16. 18030 

- 0.38778 

- 4.46916 

- 11.33629 

231.34882 

0.15000 

0.03080 

0.33243 

0.77653 

- 15.50352 

- 0.43300 

- 4.57115 

- 9.08164 

219.64923 

0.20000 

0.04817 

0.35323 

0.08117 

- 12.38223 

- 0.66862 

- 4.77361 

0.54473 

166.97811 

0.25000 

0.06569 

0.34298 

- 0.46856 

- 9.67259 

- 0.90338 

- 4.55677 

7.76406 

123. 18381 

0.30000 

0.08206 

0.30847 

- 0.89239 

- 7. 34097 

- 1.11915 

- 4.03034 

12.99337 

87.20842 

0.35000 

0.09623 

0.25553 

- 1.20842 

- 5.35562 

- 1.30277 

- 3.28446 

16.59900 

50.08122 

0.40000 

0.10739 

0.18914 

- 1.43321 

- 3.68613 

- 1.44516 

- 2.39215 

18.90068 

34.90747 

0.45000 

0.11499 

0.11348 

- 1.58181 

- 2.30310 

- 1.54052 

- 1.41149 

20.17517 

16.86113 

0.50000 

0.11864 

0.03201 

- 1.66782 

- 1.17789 

- 1.58560 

- 0.38778 

20.65952 

3. 18060 

0.55000 

0.11814 

- 0.05246 

- 1.70343 

- 0.28254 

- 1.57916 

0. 64465 

20.55430 

- 6.83323 

0.60000 

0.11338 

- 0.13768 

- 1.69945 

0.41019 

- 1.52142 

1.66063 

20.02666 

- 13.81769 

0.65000 

0.10439 

- 0.22191 

- 1.66535 

0.92680 

- 1.41367 

2.64257 

19.21340 

- 18.34817 

0.70000 

0.09123 

- 0.30385 

- 1.60928 

1.29282 

- 1.25792 

3.57905 

18.22415 

- 20.93793 

0.80000 

0.05304 

- 0.45751 

- 1.45773 

1.66936 

- 0.81249 

5.29306 

16.03863 

- 22.03860 

0.90000 

0.00028 

- 0.59475 

- 1.28632 

1.71745 

- 0.20660 

6.78927 

13.91994 

- 20.00346 

1.00000 

- 0.06534 

- 0.71496 

- 1.12018 

1.58635 

0.53872 

8.08637 

12.07568 

- 16.81000 

1.10000 

- 0.14218 

- 0.81937 

- 0.97113 

1.39190 

1.40507 

9.21532 

10.55591 

- 13.65735 

1.20000 

- 0.22875 

- 0.90983 

- 0.84119 

1.21440 

2.37722 

10.20714 

9.32260 

- 11.13930 

1.40000 

- 0.42600 

- 1.05531 

- 0.61854 

1.06477 

4.59144 

11.87165 

7.41051 

- 8.48261 

1.60000 

- 0.64800 

- 1.15723 

- 0.39641 

1.19009 

7.10294 

13.18894 

5.77121 

- 8.19642 

1.80000 

- 0.88571 

- 1.21127 

- 0.13689 

1.39915 

9.84500 

14.17437 

4.05125 

- 9. 14270 

2.00000 

- 1.12879 

- 1.20981 

0.15420 

1.47654 

12.75823 

14.79215 

2.07507 

- 10.67681 

2.20000 

- 1.36573 

- 1.15010 

0.43738 

1.31338 

15.73338 

14.98268 

- 0.22249 

- 12.24515 

2.40000 

- 1.58536 

- 1.03861 

0.66477 

0.93133 

18.70875 

14.68595 

- 2.77209 

- 13.04876 

2.60000 

- 1.77871 

- 0.89024 

0.80238 

0.43698 

21.57317 

13.87259 

- 5.33610 

- 12.28103 

2.80000 

- 1.94029 

- 0.72434 

0.84056 

- 0.04343 

24.22530 

12.57446 

- 7.55600 

- 9.61173 

3.00000 

- 2.06854 

- 0.55980 

0.79245 

- 0.41416 

26.57753 

10.89698 

- 9.07889 

- 5.43343 

3.20000 

- 2.16529 

- 0.41131 

0.68523 

- 0.63165 

28.56968 

9.00407 

- 9.69155 

- 0.69184 

3.40000 

- 2.23473 

- 0.28758 

0.54973 

- 0.70107 

30.17724 

7.08175 

- 9.39003 

3.54429 

3.60000 

- 2 . 2821B 

- 0.19152 

0.41228 

- 0.65868 

31.41165 

5.29683 

- 8.36064 

6.49584 

3.80000 

- 2.31308 

- 0.12160 

0.29057 

- 0.55143 

32.31308 

3.76642 

- 6.89748 

7. 87644 

4.00000 

- 2.33229 

- 0.07366 

0.19319 

- 0.42142 

32.93904 

2.54636 

- 5.30407 

7.85606 

4.20000 

- 2.34367 

- 0.04260 

0.12153 

- 0.29802 

33.35245 

1.63733 

- 3.81916 

6.87578 

4.40000 

- 2.35012 

- 0.02354 

0.07249 

- 0.19669 

33.61225 

1.00182 

- 2.58416 

5.43600 

4.60000 

- 2.35362 

- 0.01243 

0.04107 

- 0.12184 

33.76767 

0.58361 

- 1.64783 

3.94471 

4.80000 

- 2.35542 

- 0.00628 

0.02214 

- 0.07113 

33.85624 

0.32388 

- 0.99259 

2.65370 

5.00000 

- 2.35632 

- 0.00303 

0.01136 

- 0.03926 

33.90434 

0.17132 

- 0.56589 

1.66614 

5.20000 

- 2.35674 

- 0.00140 

0.00556 

- 0.02053 

33.92925 

0.08643 

- 0.30585 

0.90105 

5.40000 

- 2.35693 

- 0.00062 

0.00260 

- 0.01019 

33.94156 

0.04160 

- 0.15693 

0.54369 

5.60000 

- 2.35702 

- 0.00026 

0.00116 

- 0.00481 

33.94736 

0.01912 

- 0.07652 

0.28438 

5.80000 

- 2.35705 

- 0.00011 

0.00049 

- 0.00216 

33.94998 

0.00839 

- 0.03550 

0.14070 

6.00000 

- 2.35707 

- 0.00004 

0.00020 

- 0.00092 

33.95111 

0.00352 

- 0.01568 

0.06597 

6.20000 

- 2.35707 

- 0.00002 

0.00008 

- 0.00038 

33.95157 

0.00142 

- 0.00660 

0.02935 

6.40000 

- 2.35707 

- 0.00001 

0.00003 

- 0.00015 

33.95175 

0.00055 

- 0.00265 

0.01241 

6.60000 

- 2.35708 

- 0.00000 

0.00001 

- 0.00005 

33.95182 

0.00020 

- 0.00101 

0.00499 

6.80000 

- 2.35708 

- 0.00000 

0.00000 

- 0.00002 

33.95185 

0.00008 

- 0.00037 

0.00191 

7.00000 

- 2.35708 

- 0.00000 

0.00000 

- 0.00001 

33.95186 

0.00003 

- 0.00013 

0.00070 

7.20000 

- 2.35708 

- 0.00000 

0.00000 

- 0.00000 

33.95186 

0.00001 

- 0.00004 

0.00024 

7.40000 

- 2.35708 

- 0.00000 

0.00000 

- 0.00000 

33.95186 

0.00001 

- 0.00001 

0.00008 

7.60000 

- 2.35708 

- 0.00000 

- 0.00000 

- 0.00000 

33.95187 

0.00001 

- 0.00000 

0.00002 

7.80000 

- 2.35708 

- 0.00000 

- 0.00000 

- 0.00000 

33.95187 

0.00001 

0.00000 

- 0.00000 

8.00000 

- 2.35708 

- 0.00000 

- 0.00000 

- 0.00000 

33.95187 

0.00001 

0.00000 

- 0.00000 

8.20000 

- 2.35708 

- 0.00000 

- 0.00000 

- 0.00000 

33.95187 

0.00001 

0.00000 

0.00000 

8.40000 

- 2.35708 

- 0.00000 

- 0.00000 

- 0.00000 

33.95187 

0.00001 

0.00000 

- 0.00000 

8.60000 

- 2.35708 

- 0.00000 

- 0.00000 

0.00000 

33.95187 

0.00001 

0.00000 

0.00000 

8.80000 

- 2.35708 

- 0.00000 

- 0.00000 

0.00000 

33.95188 

0-00001 

0.00000 

0.00001 

9.00000 

- 2.35708 

- 0.00000 

- 0.00000 

0.00000 

33.95188 

0.00001 

0.00000 

0.00001 

9.20000 

- 2.35708 

- 0.00000 

- 0.00000 

0.00000 

33.95188 

0.00001 

0.00000 

- 0.00001 

9.40000 

- 2.35708 

- 0.00000 

- 0.00000 

0.00000 

33.95188 

0.00001 

0.00001 

- 0.00004 

9.60000 

- 2.35708 

- 0.00000 

- 0.00000 

0.00000 

33.95188 

0.00001 

0.00001 

- 0.00004 

9.80000 

- 2.35708 

- 0.00000 

- 0.00000 

0.00000 

33.95189 

0.00001 

0.00000 

- 0.00001 

10.00000 

- 2.35708 

- 0.00000 

- 0.00000 

0.00000 

33.95189 

0.00001 

0.00001 

-0.00006 


159 
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1 

|G| 

ig; 

.G'l' 

ill 

2 g, 

2 G| 

2 G'i' 

2 I I 

0 . 

1.00000 

- 0.48312 

0 . 

0 . 

0 . 

- 0.24681 

0 . 

0 . 

0.01000 

0.99517 

- 0.48312 

0.00002 

0.00998 

- 0.00247 

- 0.24681 

0.00003 

- 0.00001 

0.02000 

0.99034 

- 0.48312 

0.00007 

0.01990 

- 0.00494 

- 0.24681 

0.00012 

- 0.00005 

0.03000 

0.98551 

- 0.48312 

0.00015 

0.02978 

- 0.00740 

- 0.24681 

0.00028 

- 0.00011 

0.04000 

0.98068 

- 0.48312 

0.00027 

0.03961 

- 0.00987 

- 0.24680 

0.00049 

- 0.00020 

0.05000 

0.97584 

- 0.48311 

0.00042 

0.04940 

- 0.01234 

- 0.24680 

0.00077 

- 0.00031 

0.06000 

0.97101 

- 0.48311 

0.00060 

0.05913 

- 0.01481 

- 0.24679 

0.00110 

- 0.00044 

0.07000 

0.96618 

- 0.48310 

0.00081 

0.06882 

- 0.01728 

- 0.24678 

0.00150 

- 0.00060 

0.08000 

0.96135 

- 0.48309 

0.00106 

0.07845 

- 0.01974 

- 0.24676 

0.00195 

- 0.00079 

0.09000 

j 0.95652 

- 0.48308 

0.00134 

0. 08804 

- 0.02221 

- 0.24674 

0.00247 

- 0.00100 

0. 10000 

0.95169 

- 0.48306 

0.00165 

0.09758 

- 0.02468 

- 0.24671 

0.00304 

- 0.00123 

0.11000 

0.94686 

- 0.48305 

0.00199 

0. 10708 

- 0.02715 

- 0.24667 

0.00368 

- 0.00149 

0. 12000 

0.94203 

- 0.48302 

0.00237 

0. 11652 

- 0.02961 

- 0.24663 

0.00437 

- 0.00178 

0.13000 

0.93720 

- 0.48300 

0.00277 

0.12592 

- 0.03208 

- 0.24659 

0.00511 

- 0.00209 

0.14000 

0.93237 

- 0.48297 

0.00321 

0. 13527 

- 0.03454 

- 0.24653 

0.00592 

- 0.00242 

0.15000 

0.92754 

- 0.48293 

0.00368 

0. 14457 

- 0.03701 

- 0.24647 

0.00678 

- 0.00278 

0.20000 

0.90340 

- 0.48268 

0.00648 

0.19034 

- 0.04932 

- 0.24601 

0.01193 

- 0.00493 

0.25000 

0.87927 

- 0.48227 

0.01001 

0.23491 

- 0.06160 

- 0.24525 

0.01845 

- 0.00771 

0.30000 

0 . 855 L 7 

- 0.48 167 

0.01427 

0.27827 

- 0.07384 

- 0.24414 

0.02626 

- 0.01109 

0.35000 

0.83111 

- 0.48084 

0.01920 

0.32042 

- 0.08601 

- 0.24261 

0.03529 

- 0.01509 

0.40000 

0.80709 

- 0.47974 

0.02478 

0.36138 

- 0.09809 

- 0.24059 

0.04548 

- 0.01969 

0.45000 

0.78314 

- 0.47835 

0.03098 

0.40113 

- 0.11006 

- 0.23804 

0.05671 

- 0.02490 

0.50000 

0.75927 

- 0.47663 

0.03773 

0.43969 

- 0.12189 

- 0.23490 

0.06891 

- 0.03070 

0.55000 

0.73548 

- 0.47457 

0.04501 

0.47706 

- 0.13354 

- 0.23114 

0.08194 

- 0.03708 

0.60000 

0.71181 

- 0.47212 

0.05276 

0.51324 

- 0.14499 

- 0.22670 

0.09569 

- 0.04405 

0.65000 

0.68828 

- 0.46928 

0.06094 

0.54825 

- 0.15620 

- 0.22156 

0.11002 

- 0.05158 

0.70000 

0.66489 

- 0.46602 

0.06947 

0.58207 

- 0.16713 

- 0.21569 

0.12479 

- 0.05966 

0.80000 

0.61867 

- 0.45819 

0.08740 

0.64625 

- 0.18803 

- 0.20170 

0.15502 

- 0.07743 

0.90000 

0.57332 

- 0.44852 

0.10606 

0.70584 

- 0.20737 

- 0.18469 

0.18508 

- 0.09722 

1 .00000 

0.52903 

- 0.43697 

0.12489 

0. 76094 

- 0.22487 

- 0. 16474 

0.21361 

- 0.11885 

1.10000 

0.48599 

- 0.42355 

0.14338 

0.81168 

- 0.24023 

- 0.14207 

0.23926 

- 0. 14212 

1.20000 

0.44438 

- 0.40832 

0.16097 

0. 85819 

- 0.25320 

- 0.11703 

0.26076 

- 0.16681 

1.40000 

0.36615 

- 0-37295 

0.19150 

0.93912 

- 0.27118 

- 0.06183 

0.28708 

- 0.21944 

1.60000 

0.29555 

- 0.33232 

0.21311 

1.00516 

- 0.27776 

- 0.00399 

0.28670 

- 0.27452 

1.80000 

0.23344 

- 0.28845 

0.22374 

1.05791 

- 0.27296 

0,05100 

0.25876 

- 0. 32978 

2.00000 

0.18023 

- 0.24359 

0.22290 

1.09913 

- 0.25790 

0.09796 

0.20756 

- 0.38302 

2.20000 

0.13591 

- 0.19999 

0.21158 

1.13060 

- 0.23458 

0. 13302 

0.14138 

- 0.43239 

2-40000 

0. 10003 

- 0.15952 

0.19196 

1.15406 

- 0.20562 

0. 15419 

0.07040 

- 0.47648 

2.60000 

0.07180 

- 0.12357 

0.16688 

1.17112 

- 0. 17383 

0.16152 

0.00438 

- 0.51444 

2.80000 

0.05025 

- 0.09293 

0.13929 

1.18322 

- 0*14182 

0. 15678 

- 0.04926 

“ 0. 54599 

3.00000 

0.03426 

- 0.06784 

0.11179 

1.19159 

- 0.11173 

0.14292 

- 0.08644 

- 0. 57 L 30 

3.20000 

0.02275 

- 0.04807 

0.08640 

1.19722 

- 0.08503 

0.12335 

- 0. 10649 

- 0.59091 

3.40000 

0.01471 

- 0.03306 

0.06436 

1.20092 

- 0.06255 

0. 10133 

- 0. 11146 

- 0.60560 

3.60000 

0-00926 

- 0.02206 

0.04626 

1,20328 

- 0.04449 

0.07952 

- 0.10506 

- 0.61623 

3-80000 

0-00567 

- 0.01429 

0.03211 

1.20475 

- 0.03060 

0.05978 

- 0.09150 

- 0.62367 

4-00000 

0.00338 

- 0.00898 

0.02153 

1.20564 

- 0.02036 

0.04314 

- 0.07468 

- 0.62871 

4.20000 

0.00196 

- 0.00548 

0.01395 

1.20616 

- 0.01312 

0.02992 

— 0.05760 

- 0.63201 

4.40000 

0. 0011 1 

- 0.00324 

0.00875 

1 , 2 0646 

- 0.00818 

0.01998 

- 0.04222 

- 0.63411 

4.60000 

0.00061 

- 0.00186 

0.00530 

1.20662 

- 0.00493 

0.01286 

—0 0 02952 

- 0.63540 

4.80000 

0.00032 

- 0.00104 

0.0031 i 

1.20671 

- 0.00288 

0.00798 

- 0.01975 

- 0.63616 

5.00000 

0.00017 

- 0.00056 

0.00177 

1.20676 

- 0.00163 

0,00478 

- 0.01267 

- 0.63660 

5.20000 

0.00008 

- 0.00030 

0.00097 

1.20679 

- 0.00090 

0.00276 

- 0.00780 

- 0.63685 

5.40000 

0.00004 

- 0.00015 

0.00052 

1.20680 

- 0.00048 

0.00154 

- 0.00462 

- 0.63698 

5.60000 

0.00002 

- 0.00007 

0.00027 

1.20680 

- 0.00024 

0.00083 

- 0.00264 

- 0.63705 

5.00000 

0.00001 

- 0.00004 

0.00013 

1.20681 

- 0.00012 

0.00043 

- 0.00145 

- 0.63709 

6-00000 

0.00000 

- 0.00002 

0.00006 

1.20681 

- 0.00006 

0.00022 

- 0.00077 

- 0.63711 

6.20000 

0.00000 

- 0.00001 

0.00003 

i . 20681 

- 0.00003 

0.00011 

- 0.00039 

- 0.63711 

6.40000 

0.00000 

- 0.00000 

0.00001 

1.20681 

- 0.00001 

0.00005 

- 0.00019 

- 0.63712 

6.60000 

0.00000 

- 0.00000 

0.00001 

1.20681 

- 0.00001 

0.00002 

- 0.00009 

- 0.63712 

6.80000 

0.00000 

- 0.00000 

0.00000 

1.20681 

- 0.00000 

0.00001 

- 0.00004 

- 0.63712 

7.00000 

0.00000 

- 0.00000 

0.00000 

1.20681 

- 0.00000 

0.00000 

- 0.00002 

- 0.63712 

7.20000 

0.00000 

- 0.00000 

0.00000 

1.20681 

- 0.00000 

0.00000 

- 0.00001 

- 0.63712 

7.40000 

0.00000 

- 0.00000 

0.00000 

1.20681 

- O.OGOOG 

0.00000 

- 0.00000 

- 0.63712 

7.60000 

0.00000 

- 0.00000 

0.00000 

1.20681 

- 0.00000 

0.00000 

- 0.00000 

- 0.63712 

7.80000 

0.00000 

- 0.00000 

0.00000 

1.20681 

- 0.00000 

0.00000 

- 0.00000 

- 0.63712 

8.00000 

0.00000 

- 0.00000 

0.00000 

1.20681 

0.00000 

0.00000 

- 0.00000 

- 0.63712 

8.20000 

0.00000 

- 0.00000 

0.00000 

1.20681 

0.00000 

0.00000 

- 0.00000 

- 0.63712 

8.40000 

0.00000 

- 0.00000 

0-00000 

1.20681 

0.00000 

0.00000 

- 0.00000 

- 0.63712 

8.60000 

0.00000 

- 0.00000 

0.00000 

1.20681 

0.00000 

0.00000 

- 0.00000 

- 0.63712 

8.80000 

0.00000 

- 0.00000 

0.00000 

1.20681 

0.00000 

0.00000 

- 0.00000 

- 0.63712 

9.00000 

0.00000 

- 0.00000 

0.00000 

1.20681 

0.00000 

0.00000 

- 0.00000 

- 0.63712 

9.20000 

0.00000 

- 0.00000 

0.00000 

1.20681 

0.00000 

0.00000 

• - 0.00000 

- 0.63712 

9.40000 

0.00000 

- 0.00000 

0.00000 

1.20681 

0.00000 

0.00000 

- 0.00000 

- 0.63712 

9.60000 

0.00000 

- 0.00000 

0.00000 

1.20681 

0.00000 

0.00000 

- 0.00000 

- 0.63712 

9.80000 

0.00000 

- 0.00000 

0.00000 

1.20681 

0.00000 

0.00000 

- 0.00000 

- 0.63712 

10.00000 

0.00000 

- 0.00000 

0.00000 

1.20681 

0.00000 

0.00000 

- 0.00000 

- 0.63712 
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TABLE I. - AXISYMMETRIC STAGNATION -POINT UNIVERSAL FUNCTIONS 

a Q = 0.75 - Continued 


V 

1 G 2 

(m,) 

l G 2 

l G 2 

1*2 

2 G 2 

(g,) 

2 G 2 

2 G 2 

2 I 2 

0. 

0. 

0.22399 

-0.46681 

0. 

0. 

-o.ooioi 

0 . 

0. 

O.OLOOO 

0.00222 

0.21933 

-0.46682 

0.00001 

-0.00001 

-0.00101 

-0.00000 

-0.00000 

0.02000 

0.00439 

0.21466 

-0.46684 

0.00004 

-0.00002 

-0.00101 

-0.00002 

-0.00000 

0.03000 

0.00651 

0.20999 

-0. 46687 

0.00010 

-0.00003 

-0.00101 

-0.00004 

-0.00000 

0.04000 

0.00859 

0.20532 

-0.46691 

0.00017 

-0.00004 

-0.00101 

-0.00007 

-0.00000 

0.05000 

0.01062 

0.20065 

-0.46695 

0.00027 

-0.00005 

-0.00101 

-0.00011 

-0.00000 

0.06000 

0.01260 

0. 19598 

-0.46699 

0.00039 

-0.00006 

-0.00101 

-0.00015 

-0.00000 

0.07000 

0.01454 

0.19131 

-0.46704 

0.00052 

-0.00007 

-0.00101 

-0.00021 

-0.00000 

0.08000 

0.01643 

0.18664 

-0.46708 

0.00068 

-0.00008 

-0.00101 

-0.00027 

-0.00000 

0.09000 

0.01827 

0.18197 

-0.46712 

0.00085 

-0.00009 

-0.00102 

-0.00033 

-0.00000 

0. 10000 

0.02006 

0. 17730 

-0.46715 

0.00104 

-0.00010 

-0.00102 

-0.00041 

-0.00001 

0. 11000 

0.02181 

0.17263 

-0.46717 

0.00125 

-0.00011 

-0.00102 

-0.00049 

-0.00001 

0. 12000 

0.02352 

0.16796 

-0.46717 

0.00148 

-0.00012 

-0.00103 

-0.00057 

-0.00001 

0.13000 

0.02517 

0. 16328 

-0.46716 

0.00172 

-0.00013 

-0.00104 

-0.00066 

-0.00001 

0.14000 

0.02678 

0.15861 

-0.46714 

0.00198 

-0.00014 

-0.00104 

-0.00076 

-0.00001 

0.15000 

0.02835 

0.15394 

-0.46709 

0.00226 

-0.00015 

-0.00105 

-0.00086 

-0.00001 

0.20000 

0.03546 

0.13060 

-0.4664? 

0.00386 

-0.00021 

-0.00111 

-0.00142 

-0.00002 

0.25000 

0.04141 

0. 10731 

-0.46499 

0.00578 

-0.00026 

-0.00120 

-0.00207 

-0.00003 

0.30000 

0.04619 

0.08412 

-0.46237 

0.00798 

-0.00033 

-0.00132 

-0.00277 

-0.00005 

0.35000 

0.04982 

0.06109 

-0.45836 

0.01038 

-0.00040 

-0.00147 

-0.00349 

-0.00006 

0.40000 

0.05231 

0.03831 

-0.45272 

0.01294 

-0.00047 

-0.00166 

-0.00419 

-0.00009 

0.45000 

0.05366 

0.01585 

-0.44523 

0. 01560 

-0.00056 

-0.00189 

-0.00486 

-0.00011 

0.50000 

0.05390 

-0.00618 

-0.43570 

0.01829 

-0.00066 

-0.00215 

-0.00547 

-0.00014 

0.55000 

0.05305 

-0.02768 

-0.42399 

0.02097 

-0.00078 

-0.00244 

-0.00599 

-0.00018 

0.60000 

0.05114 

-0.04854 

-0.40996 

0.02358 

-0.00091 

-0.00275 

-0.00640 

-0.00022 

0.65000 

0.04821 

-0.06864 

-0. 39355 

0.02606 

-0.00105 

-0.00307 

-0.00670 

-0.00027 

0.70000 

0.04429 

-0.08785 

-0.37470 

0.02838 

-0.00122 

-0.00341 

-0.00686 

-0.00033 

0.80000 

0.03370 

-0. 12315 

-0.32972 

0.03231 

-0.00159 

-0.00410 

-0.00676 

-0.00047 

0.90000 

0.01983 

-0.15349 

-0.27554 

0.03501 

-0.00203 

-0.00475 

-0.00606 

-0.00065 

1.00000 

0.00320 

-0. 17799 

-0.21337 

0.03618 

-0.00254 

-0.00529 

-0.00479 

-0.00088 

1. 10000 

-0.01555 

-0. 19596 

-0.14506 

0.03558 

-0.00309 

-0.00569 

-0.00304 

-0.00116 

1.20000 

-0.03576 

-0.20688 

-0.07302 

0.03302 

-0.00367 

-0.00589 

-0.00093 

-0.00149 

1.40000 

-0.07762 

-0.20696 

0.07084 

0.02169 

-0.00483 

-0.00561 

0.00373 

-0.00235 

1.60000 

-0.11672 

-0.17989 

0.19473 

0.00216 

-0.00585 

-0.00443 

0.00786 

-0.00342 

1.80000 

-0. 14816 

- -0.13175 

0.27882 

-0.02449 

-0.00656 

-0.00258 

0.01038 

-0.00467 

2.00000 

-0.16863 

-0.07175 

0.31242 

-0.05637 

-0.00686 

-0.00042 

0.01082 

-0.00601 

2.20000 

-0.17676 

-0.01011 

0.29635 

-0.09111 

-0.00674 

0.00163 

0.00936 

-0.00738 

2.40000 

-0.17317 

0.04419 

0.24146 

-0. 12629 

-0.00624 

0.00324 

0.00664 

-0.00868 

2.60000 

-0.15999 

0.08500 

0. 16447 

-0.15974 

-0.00548 

0.00425 

0.00348 

-0.00986 

2.80000 

-0.14025 

0.10968 

0.08292 

-0. 18984 

-0.00458 

0.00465 

0.00057 

-0.01087 

3.00000 

-0.11716 

0.11882 

0.01094 

-0.21561 

-0.00366 

0.00453 

| -0.00164 

-0.01169 

3.20000 

-0.09357 

0. 11527 

-0.04293 

-0.23668 

-0.00279 

0.00405 

-0.00300 

-0.01233 

3.40000 

-0.07163 

0.10304 

-0.07597 

-0.25316 

-0.00205 

0.00338 

-0.00357 

-0.01282 

3,60000 

-0.05266 

0.08616 

-0.08997 

-0.26553 

-0.00144 

0.00266 

-0.00354 

-0.01316 

3.80000 

-0.03725 

0.06803 

-0.08940 

-0.27446 

-0.00098 

0.00199 

-0.00314 

-0.01340 

4.00000 

-0.02537 

0.05102 

-0.07953 

-0.28066 

-0.00064 

0.00142 

-0.00256 

-0.01356 

4.20000 

-0.01667 

0.03651 

-0.06519 

-0.28482 

-0.00041 

0.00097 

-0.00195 

-0.01367 

4.40000 

-0.01057 

0.02500 

-0.04997 

-0.28751 

-0.00025 

0.00063 

-0.00140 

-0.01373 

4.60000 

-0.00647 

0.01643 

-0.03616 

-0.28918 

-0.00015 

0.00040 

-0.00096 

-0.01377 

4.80000 

-0.00383 

0.01037 

-0.02485 

-0.29019 

-0.00008 

0.00024 

-0.00063 

-0.01379 

5.00000 

-0.00219 

0.00630 

-0.01629 

-0. 29078 

-0.00005 

0.00014 

-0.00039 

-0.01381 

5.20000 

-0.00121 

0.00369 

-0.01021 

-0.29111 

-0.00002 

0.00008 

-0.00024 

-0.01381 

5.40000 

-0.00065 

0.00208 

-0.00614 

-0.29129 

-0.00001 

0.00004 

-0.00014 

-0.01382 

5.60000 

-0.00034 

0.00113 

-0.00354 

-0.29139 

-0.00001 

0.00002 

-0.00008 

-0.01382 

5.80000 

-0.00017 

0.00060 

-0.00197 

-0.29144 

- 0.00000 

0.00001 

-0.00004 

-0.01382 

6.00000 

-0.00008 

0.00030 

-0.00105 

-0.29146 

-0.00000 

0.00001 

-0.00002 

-0.01382 

6.20000 

-0.00004 

0.00015 

-0.00054 

-0.29147 

-0.00000 

0.00000 

-0.00001 

-0.01382 

6.40000 

-0.00002 

0.00007 

-0.00027 

-0.29148 

-0.00000 

0.00000 

-0.00000 

-0.01382 

6.60000 

-0.00001 

0.00003 

-0.00013 

-0.29148 

-0.00000 

0.00000 

-0.00000 

-0.01382 

6.80000 

- 0.00000 

0.00001 

-0.00006 

-0.29148 

-0.00000 

0.00000 

-0.00000 

-0.01382 

7.00000 

-0.00000 

0.00001 

-0.00003 

-0.29148 

-0.00000 

0.00000 

-0.00000 

-0.01382 

7.20000 

- 0.00000 

0.00000 

-0.00001 

-0.29148 

-0.00000 

0.00000 

-0.00000 

-0.01382 

7.40000 

-0.00000 

0.00000 

- 0.00000 

-0.29148 

0.00000 

0.00000 

-0.00000 

-0.01382 

7.60000 

- 0.00000 

0.00000 

-0.00000 

-0.29148 

0.00000 

0.00000 

-0.00000 

-0.01382 

7.80000 

- 0.00000 

0.00000 

-0.00000 

-0.29148 

0.00000 

0.00000 

-0.00000 

-0.01382 

8.00000 

0.00000 

0.00000 

-0.00000 

-0.29148 

0.00000 

0.00000 

-0.00000 

-0.01382 

8.20000 

0.00000 

0.00000 

-0.00000 

-0.29148 

0.00000 

0.00000 

-0.00000 

-0.01382 

8.40000 

0.00000 

0.00000 

-0.00000 

-0.29148 

0.00000 

0.00000 

-0.00000 

-0.01382 

8.60000 

0.00000 

0.00000 

-0.00000 

-0.29148 

0.00000 

0.00000 

-0.00000 

-0.01382 

8.80000 

0.00000 

0.00000 

-0.00000 

-0.29148 

0.00000 

0.00000 

-0.00000 

-0.01382 

9.00000 

0.00000 

0.00000 

-0.00000 

-0.29148 

0.00000 

0.00000 

-0.00000 

-0.01382 

9.20000 

0.00000 

0.00000 

- 0.00000 

-0.29148 

0.00000 

0.00000 

-0.00000 

-0.01382 

9.40000 

0.00000 

0.00000 

- 0.00000 

-0.29148 

0.00000 

0.00000 

-0.00000 

-0.01382 

9.60000 

0.00000 

0.00000 

- 0.00000 

-0.29148 

0.00000 

0.00000 

-0.00000 

-0.01382 

9.80000 

0.00000 

0.00000 

-0.00000 

-0.29148 

0.00000 

0.00000 

-0.00000 

-0.01382 

10.00000 

0.00000 

0.00000 

- 0.00000 

-0.29148 

0.00000 

0.00000 

-0.00000 

-0.01382 
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TABLE I.- AXISYMMETRIC STAGNATION -POINT UNIVERSAL FUNCTIONS 
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V 

3 G 2 

(8,) 

3 G 2 

3 G 2 

3 I 2 




l J 3 

0. 

0. 

-0.07178 

0. 

0. 


-0.60861 

I 2.04972 

0. 

0.01000 

-0.00072 

-0.07178 

O.OOOOL 

-0.00000 

-0.00598 

-0.58822 

2.02945 

-0.00003 

0.02000 

-0.00144 

-0.07178 

0.00006 

-0.00001 

-0.01176 

-0.56802 

2.00920 

-0.00012 

0.03000 

-0.00215 

-0.07178 

0.00013 

-0.00003 

-0.01735 

-0.54803 

1.98897 

-0.00026 

0.04000 

-0.00287 

-0.07178 

0.00023 

-0.00006 

-0.02273 

-0‘. 52824 

1.96875 

-0.00047 

0.05000 

-0.00359 

-0.07178 

0.00036 

-0.00009 

-0.02791 

-0.50866 

1.94854 

-0.00072 

0.06000 

-0.00431 

-0.07177 

0.00052 

-0.00013 

-0.03290 

-0.48927 

1.92831 

-0.00102 

0.07000 

-0.00502 

-0.07177 

0.00071 

-0.00018 

-0.03770 

-0.47009 

1.90806 

-0.00138 

0.08000 

-0.00574 

-0.07176 

0.00092 

-0.00023 

-0.04230 

-0.45111 

1.88779 

-0.00178 

0.09000 

-0.00646 

-0.07175 

0.00116 

-0.00029 

-0.04672 

-0.43234 

1.86747 

-0.00222 

0.10000 

-0.00718 

-0.07174 

0.00143 

-0.00036 

-0.05095 

-0.41376 

1.84712 

-0.00271 

0. 1 1000 

-0.00789 

-0.07172 

0.00172 

-0.00043 

-0.05500 

-0.39539 

1.82671 

-0.00324 

0.12000 

-0.00861 

-0.07170 

0.00204 

-0.00052 

-0.05886 

-0.37723 

1.80624 • 

-0.00381 

0.13000 

-0.00933 

-0.07168 

0.00238 

-0.00061 

-0.06254 

-0.35927 

1.78571 

-0.00442 

0.14000 

-0.01005 

-0.07165 

0.00275 

-0.00070 

-0.06604 

-0.34151 

1.76511 

-0.00506 

0. 15000 

-0.01076 

-0.07162 

0.00314 

-0.00081 

-0.06937 

-0.32397 

1.74443 

-0. 00574 

0.20000 

-0.01434 

-0.07141 

0.00545 

-0.00143 

-0.08343 

-0.23935 

1.63971 

-0.00957 

0.25000 

-0.01790 

-0.07107 

0.00831 

-0.00224 

-0.09340 

-0.16004 

1.53246 

-0.01401 

0.30000 

-0.02144 

-0.07057 

0.01166 

-0.00322 

-0.09953 

-0.08615 

1.42243 

-0.01885 

0.35000 

-0.02496 

-0.06990 

0.01546 

-0.00438 

-0. 10210 

-0.01784 

1.30963 

-0.02391 

0.40000 

-0 V . 02843 

-0.06902 

0.01964 

-0.00572 

-0.10141 

0.04477 

1.19429 

-0.02901 

0.45000 

-0.03185 

-0.06793 

0.02414 

-0.00723 

-0.09772 

0.10155 

1.07688 

-0.03400 

0.50000 

-0.03522 

-0.06660 

0.02890 

-0.00890 

-0.09135 

0.15243 

0.95807 

-0.03873 

0.55000 

-0.03851 

-0.06504 

0.03385 

-0.01075 

-0.08258 

0. 19735 

0.83869 

-0.04309 

0.60000 

-0.04172 

-0.06322 

0.03893 

-0.01275 

-0.07171 

0.23631 

0.71973 

-0.04696 

0.65000 

-0.04483 

-0.06114 

0.04407 

-0.01492 

-0.05905 

0.26935 

0.60230 

-0.05023 

0.70000 

-0.04783 

-0.05881 

0.04920 

-0.01723 

-0.04488 

0.29658 

0.48760 

-0.05284 

0.80000 

-0.05345 

-0.05339 

0.05915 

-0.02230 

-0.01315 

0.33435 

0-27126 

-0.05577 

0.90000 

-0.05847 

-0.04701 

0.06825 

-0.02790 

0.02131 

0.35168 

0.08028 

-0.05538 

1.00000 

-0.06282 

-0.03978 

0.07601 

-0.03397 

0.05660 

0.35153 

-0.07709 

-0.05148 

l. 10000 

-0.06641 

-0.03186 

0.08201 

-0.04044 

0.09116 

0.33758 

-0.19508 

-0.04408 

1.20000 

-0.06918 

-0.02345 

0.08593 

-0.04723 

0. 12380 

0.31391 

-0.27131 

-0.03331 

1.40000 

-0.07212 

-0.00602 

0.08677 

-0.06142 

0.18067 

0.25365 

-0.30778 

I -0.00266 

1.60000 

-0.07163 

0.01064 

0.07837 

-0.07585 

0.22560 

0.19798 

-0.23760 

0.03815 

1.80000 

-0.06804 

0.02482 

0.06241 

-0.08986 

0.26110 

0. 16031 

-0.14158 

0.08695 

2.00000 

-0.06196 

0.03530 

0.04191 

-0. 10290 

0.29078 

0.13825 

-0.09057 

0.14221 

2.20000 

-0.05420 

0.04151 

0.02033 

-0.11453 

0.31659 

0.11897 

-0.11455 

0.20301 

2.40000 

-0.04563 

0.04357 

0.00079 

-0. 12452 

0.33761 

0.08850 

-0.19646 

0.26853 

2.60000 

-0.03701 

0.04211 

-0.01455 

-0. 13278 

0.35073 

0.03960 

-0.29017 

0.33753 

2.80000 

-0.02896 

0.03810 

-0.02470 

-0.13937 

0.35237 

-0.0Z51* 

-0.34822 

0.40805 

3.00000 

-0.02187 

0.03257 

-0.02974 

-0.14443 

0.34030 

-0.09544 

-0.34355 

0.47756 

3.20000 

-0.01596 

0.02649 

-0.03052 

-0. 14819 

0.31470 

-0. 15836 

-0.27649 

0.54326 

3.40000 

-0.01127 

0.02057 

-0.02824 

-0.15090 

0.27817 

-0.20329 

-0. 16843 

0.60270 

3.60000 

-0.00769 

0.01531 

-0.02419 

-0. 15277 

0.23494 

-0.22498 

-0.04904 

0.65408 

3.80000 

-0.00508 

0.01094 

-0.01945 

-0.15404 

0.18970 

-0.22392 

0.05551 

0.69655 

4.00000 

-0.00325 

0.00752 

-0.01480 

-0.15486 

0.14658 

-0.20485 

0.12931 

0.73011 

4.20000 

-0.00202 

0.00498 

-0.01072 

-0.15538 

0. 10851 

-0.17456 

0.16789 

0.75552 

4.4000D 

-0.00121 

0.00318 

-0.00741 

-0. 15569 

0.07705 

-0.13977 

0.17556 

0.77396 

4.60000 

-0.00070 

0.00196 

-0.00491 

-0. 15588 

0.05254 

-0.10580 

0.16126 

0.78680 

4.80000 

-0.00040 

0.00117 

-0.00313 

-0.15599 

0.03444 

-0.07607 

0.13485 

0.79540 

5.00000 

-0.00022 

0.00067 

-0.00191 

-0. 15605 

0.02173 

-0.05212 

0.10456 

0.80094 

5.20000 

-0.00012 

0.00037 

-0.00113 

-0.15608 

0.01320 

-0.03412 

0.07602 

0.80437 

5.40000 

-0.00006 

0-00020 

-0.00064 

-0. 15610 

0.00773 

-0.02139 

0.05220 

0.80642 

5.60000 

-0.00003 

0.00010 

-0.00035 

-0. 15611 

0.00436 

-0.01286 

0.03402 

0.80760 

5.80000 

-0.00001 

0.00005 

-0.00019 

-0.15611 

0.00238 

-0.00743 

0.02112 

0. 80826 

6.00000 

-0.00001 

0.00003 

-0.00009 

-0. 15611 

0.00125 

-0.00412 

0.01253 

0.80861 

6.20000 

-0.00000 

0.00001 

-0.00005 

-0. 15611 

0.00063 

-0.00220 

0.00711 

0.80879 

6.40000 

-0.00000 

0.00001 

-0.00002 

-0.15611 

0.00031 

-0.00113 

0.00387 

0.80888 

6.60000 

-0.00000 

0.00000 

-0.00001 

-0. 15611 

0.00015 

-0.00056 

0.00202 

0.80893 

6.80000 

-0.00000 

0.00000 

-0.00000 

-0. 15611 

0.00007 

-0.00027 

0.00102 

0.80895 

7.00000 

-0.00000 

0.00000 

-0.00000 

-0.15611 

0.00003 

-0.00012 

0.00049 

0.80896 

7.20000 

-0.00000 

0.00000 

-0.00000 

-0.15611 

0.00001 

-0.00006 

0.00023 

0.80896 

7.40000 

-0.00000 

0.00000 

-0.00000 

-0.15611 

0.00001 

-0.00002 

0.00010 

0.80896 

7.60000 

-0.00000 

0.00000 

-0.00000 

-0.15611 

0.00000 

-0.00001 

0.00004 

0.80896 

7.80000 

-0.00000 

0.00000 

-0.00000 

-0.15611 

0.00000 

-0.00000 

0.00002 

0.80896 

8.00000 

-0.00000 

0.00000 

-0.00000 

-0. 15611 

0.00000 

-0.00000 

0.00001 

0.80896 

8.20000 

-0.00000 

0.00000 

-0.00000 

-0.15611 

0.00000 

-0.00000 

0.00000 

0.80896 

8.40000 

-0.00000 

0.00000 

-0.00000 

-0. 15611 

0.00000 

-0.00000 

0.00000 

0.80896 

8.60000 

-0.00000 

0.00000 

-0.00000 

-0. 15611 

0.00000 

-0.00000 

0.00000 

0.80896 

8.80000 

-0.00000 

0.00000 

-0.00000 

-0.15611 

- 0.00000 

- 0.00000 

0.00000 

0.80896 

9.00000 

-0.00000 

0.00000 

-0.00000 

-0. 15611 

-0.00000 

-0.00000 

0.00000 

0.80896 

9.20000 

-0.00000 

0.00000 

-0.00000 

-0. L5611 

-0.00000 

-0.00000 

0.00000 

0.80896 

9.40000 

-0.00000 

0.00000 

-0.00000 

-0.15611 

-0.00000 . 

-0.00000 

0.00000 

0.80896 

9.60000 

-0.00000 

0.00000 

- 0.00000 

-0.15611 

-0.00000 

-0.00000 

0.00000 

0.80896 

9.80000 

-0.00000 

0.00000 

-0.00000 

-0. 15611 

-0.00000 

-0.00000 

0.00000 

0.80896 

10.00000 

-0.00000 

0.00000 

-0.00000 

-0. 15611 

-0.00000 

-0.00000 

0.00000 

0.80896 
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TABLE I.- AXISYMMETRIC STAGNATION -POINT UNIVERSAL FUNCTIONS 

cr Q = 0.75 - Continued 


V 

2 G 3 

(m, g,) 

2 G 3 

r " 

2 G 3 

2*3 

3 G 3 

tg ^) 

363 

3 G 3 

3*3 

0. 

0. 

0.01685 

-0.00292 

0. 

0. 

0.00283 

-0. 

0. 

0.01000 

0.00017 

0.01682 

-0.00291 

0.00000 

0.00003 

0.00283 

0.00001 

0.00000 

o.ozooo 

0.00034 

0.01679 

-0.00291 

0.00000 

0.00006 

0.00283 

0.00005 

0.00000 

0.03000 

0.00050 

0.01676 

-0.00290 

0.00001 

0.00009 

0.00283 

0.00011 

0-00000 

0.04000 

0.00067 

0.01673 

-0.00288 

0.00001 

0.00011 

0.00284 

0.00019 

0.00000 

0.05000 

0.00084 

0.01670 

-0.00287 

0.00002 

0.00014 

0.00284 

0.00030 

0.00000 

0.06000 

0.00101 

0.01667 

-0.00286 

0.00003 

0.00017 

0.00284 

0.00042 

0.00001 

0.07000 

0.00117 

0.01664 

-0.00285 

0.00004 

0.00020 

0.00285 

0.00056 

0.00001 

0.08000 

0.00134 

0.01662 

-0.00284 

0.00005 

0.00023 

0.00285 

0.00073 

0.00001 

0.09000 

0.00150 

0.01659 

-0.00283 

0.00007 

0.00026 

0.00286 

0.00091 

0.00001 

0. 10000 

0.00167 

0.01656 

-0.00284 

0.00008 

0.00028 

0.00287 

o.ooiio 

0.00001 

0.11000 

0.00184 

0.01653 

-0.00284 

0.00010 

0.00031 

0.00288 

0.00131 

0.00002 

0. 12000 

0.00200 

0.01650 

-0.00286 

0.00012 

0.00034 

0.00290 

0.00154 

0.00002 

0. 13000 

0.00217 

0.01647 

-0.00288 

0.00014 

0.00037 

0.00291 

0.00178 

0.00002 

0.14000 

0.00233 

0.01644 

-0.00291 

0.00016 

0.00040 

0.00293 

0.00203 

0.00003 

0. L5000 

0.00249 

0.01642 

-0.00295 

0.00019 

0.00043 

0.00295 

0.00229 

0.00003 

0.20000 

0.00331 

0.01626 

-0.00332 

0.00033 

0.00058 

0.00311 

0.00376 

0.00006 

0.25000 

0.00412 

0.01608 

-0.00403 

0.00052 

0.00074 

0.00333 

0.00540 

0.00009 

0. 30000 

0.00492 

0.01585 

-0.00510 

0.00074 

0.00092 

0.00365 

0.00711 

0.00013 

0.35000 

0.00570 

0.01556 

-0.00657 

0.00101 

0.00111 

0.00404 

0.00883 

0.00018 

0.40000 

0.00647 

0.01519 

-0.00842 

0.00132 

0.00132 

0.00453 

0.01047 

0.00024 

0.45000 

0.00722 

0.01471 

-0.01063 

0.00166 

0.00156 

0.00509 

0.01197 

0.00031 

0.50000 

0.00794 

0.01412 

-0.01312 

0.00204 

0.00183 

0.00572 

0.01327 

0.00040 

0.55000 

0.00863 

0.01340 

-0.01582 

0.00245 

0.00213 

0.00641 

0.01433 

0.00050 

0.60000 

0.00928 

0.01254 

-0.01865 

0.00290 

0.00247 

0.00715 

0.01511 

0.00061 

0.65000 

0.00988 

0.01153 

-0.02150 

0.00338 

0.00285 

0.00792 

0.01558 

0.00075 

0.70000 

0.01043 

0.01039 

-0.02425 

0.00389 

0.00327 

0.00870 

‘ 0.01573 

0.00090 

0.80000 

0.01134 

0.00771 

-0.02903 

0. 00498 

0.00421 

0.01025 

0.01501 

0.00127 

0.90000 

0.01196 

0.00464 

-0.03211 

0.00614 

0.00531 

0.01166 

0.01299 

0.00175 

l . 00000 

0.01226 

0.00137 

-0.03281 

0.00736 

0.00654 

0.01281 

0.00981 

0.00234 

l. 10000 

0.01224 

-0.00183 

-0.03076 

0.00859 

0.00786 

0.01359 

0.00572 

0.00306 

1.20000 

0.01191 

-0.00469 

-0.02594 

0.00980 

0.00924 

0.01393 

0.00100 

0.00391 

1.40000 

0.01055 

-0.00838 

-0.00984 

0.01205 

0.01198 

0.01313 

-0.00898 

0.00604 

1.60000 

0.00880 

-0.00843 

0.00903 

0.01399 

0.01437 

0.01043 

-0.01762 

0.00868 

1.80000 

0.00740 

-0.00512 

0.02274 

0.01560 

0.01606 

0-00630 

-0.02305 

0.01174 

2.00000 

0.00687 

-0.00004 

0.02616 

0.01701 

0.01684 

0.00148 

-0.02443 

0.01504 

2.20000 

0.00736 

0.00465 

0.01919 

0.01841 

0.01666 

-0.00321 

-0.02195 

0.01841 

2.40000 

0.00859 

0.00722 

0.00603 

0.02000 

0.01561 

-0.00711 

-0.01661 

0.02165 

2.60000 

0.01006 

0.00704 

-0.00753 

0.02187 

0.01390 

-0.00976 

-0.00985 

0.02461 

2.80000 

0.01125 

0.00450 

-0.01693 

0.02401 

0.01180 

-0.01105 

-0.00313 

0.02718 

3.00000 

0.01177 

0.00068 

-0.02020 

0.02632 

0.00956 

-0.01109 

0.00244 

0.02932 

3.20000 

0.01151 

-0.00322 

-0.01797 

0.02866 

0.00742 

-0.01019 

0.00625 

0.03102 

3.40000 

0.01054 

-0.00628 

-0.01232 

0.03088 

0.00553 

-0.00872 

0.00822 

0.03231 

3.60000 

0.00909 

-0.00807 

-0.00562 

0.03285 

0.00395 

-0.00701 

0.00862 

0.03325 

3.80000 

0.00740 

-0.00858 

0.00028 

0.03450 

0.00272 

-0.00534 

0.00795 

^>.03391 

4.00000 

0.00572 

-0.00808 

0.00443 

0.03581 

0.00180 

-0.00387 

0.00668 

0.03436 

4.20000 

0.00421 

-0.00694 

0.00661 

0.03680 

0.00115 

-0.00268 

0.00521 

0.03465 

4.40000 

0.00296 

-0.00554 

0.00716 

0.03751 

0.00071 

-0.00178 

0.00383 

0.03483 

4.60000 

0.00199 

-0.00416 

0.00659 

0.03800 

0.00042 

-0.00113 

0.00266 

0.03494 

4.80000 

0.00128 

-0.00294 

0.00546 

0.03832 

0.00025 

-0.00069 

0.00177 

0.03501 

5.00000 

0.00080 

-0.00198 

0.00416 

0.03853 

0.00014 

-0.00041 

0.00112 

0.03505 

5.20000 

0.00047 

-0.00127 

0.00296 

0.03865 

0.00007 

-0.00023 

0.00068 

0.03507 

5.40000 

0.00027 

-0.00078 

0.00199 

0.03873 

0.00004 

-0.00013 

0.00040 

0.03508 

5.60000 

0.00015 

-0.00046 

0.00127 

0.03877 

0.00002 

-0.00007 

0.00022 

0.03508 

5.80000 

0.00008 

-0.00026 

0.00077 

0.03879 

0.00001 

-0.00003 

0.00012 

0.03509 

6.00000 

0.00004 

-0.00014 

0.00044 

0.03880 

0.00000 

- 0.00002 

0.00006 

0.03509 

6.20000 

0.00002 

- 0.00007 

0.00025 

0.03881 

0.00000 

- 0.00001 

0.00003 

0.03509 

6.40000 

0.00001 

-0.00004 

0.00013 

0.03881 

0.00000 

- 0.00000 

0.00002 

0.03509 

6.60000 

0.00000 

- 0.00002 

0.00007 

0.03881 

0.00000 

- 0.00000 

0.00001 

0.03509 

6.80000 

0.00000 

- 0.00001 

0.00003 

0.03881 

0.00000 

- 0.00000 

0.00000 

0.03509 

7.00000 

0.00000 

- 0.00000 

0.00002 

0.03881 

0.00000 

- 0.00000 

0.00000 

0.03509 

7.20000 

0.00000 

- 0.00000 

0.00001 

0.03881 

0.00000 

- 0.00000 

0.00000 

0.03509 

7.40000 

0.00000 

- 0.00000 

0.00000 

0.03881 

0.00000 

- 0.00000 

0.00000 

0.03509 

7.60000 

0.00000 

- 0.00000 

0.00000 

0.03881 

0.00000 

- 0.00000 

0.00000 

0.03509 

7.80000 

0.00000 

- 0.00000 

0.00000 

0.03881 

0.00000 

- 0.00000 

0.00000 

0.03509 

8.00000 

0.00000 

- 0.00000 

0.00000 

0.03881 

0.00000 

- 0.00000 

0.00000 

0.03509 

8.20000 

- 0.00000 

- 0.00000 

0.00000 

0.03881 

0.00000 

- 0.00000 

0.00000 

0.03509 

8.40000 

- 0.00000 

- 0.00000 

0.00000 

0.03881 

0.00000 

- 0.00000 

0.00000 

0.03509 

8.60000 

- 0.00000 

- 0.00000 

0.00000 

0.03881 

0.00000 

- 0.00000 

0.00000 

0.03509 

8.80000 

- 0.00000 

- 0.00000 

0.00000 

0.03881 

0.00000 

- 0.00000 

0.00000 

0.03509 

9.00000 

- 0.00000 

- 0.00000 

0.00000 

0.03881 

0.00000 

- 0.00000 

0.00000 

0.03509 

9.20000 

- 0.00000 

- 0.00000 

0.00000 

0.03881 

0.00000 

- 0.00000 

0.00000 

0.03509 

9.40000 

- 0.00000 

- 0.00000 

0.00000 

0.03881 

0.00000 

- 0.00000 

0.00000 

0.03509 

9.60000 

- 0.00000 

- 0.00000 

0.00000 

0.03881 

0.00000 

- 0.00000 

I 0.00000 

0.03509 

9.80000 

- 0.00000 

- 0.00000 

0.00000 

0.03881 

0.00000 

- 0.00000 

0.00000 

0.03509 

10.00000 

- 0.00000 

- 0.00000 

0.00000 

0.03881 

0.00000 

- 0.00000 

0.00000 

0.03509 
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TABLE I.- AXISIMMETRIC STAGNATION -POINT UNIVERSAL FUNCTIONS 

cr 0 =0.75 - Continued 


V 

4 g 3 

( g,S,) 

46k 

4G3 

4*3 

1 s 

563 

5S3 

5 I 3 

0 . 

0. 

-0.02332 

0 . 

0 . 

0 . 

0.03056 

- 0 . 

0 . 

0.01000 

-0.00023 

-0.02332 

- 0.00000 

- 0.00000 

a. 00031 

0.03056 

- 0.00000 

0.00000 

0 • 02000 

-0.00047 

-0-02332 

- 0.00000 

- 0.00000 

0.00061 

0.03056 

- 0.00000 

0. 00001 

0.03000 

-0.00070 

-0.02332 

- 0.00000 

- 0.00001 

0.00092 

0.03056 

- 0.00001 

0.00001 

0.04000 

-0.00093 

-0.02332 

- 0.00000 

- 0.00002 

0.00122 

0.03056 

- 0.00001 

0.00002 

0.05000 

-0.00117 

-0.02332 

- 0.00000 

-0.00003 

0.00153 

0.03056 

- 0.00002 

0.00004 

0.06000 

-0.00140 

-0.02332 

0.00000 

-0.00004 

0.00183 

0.03056 

- 0.00002 

0.00006 

0.07000 

-0.00163 

-0.02332 

0. 00001 

-0.00006 

0.00214 

0.03056 

-0.00003 

0.00007 

0.08000 

-0.00187 

-0.02332 

0.00001 

-0.00007 

0.00244 

0.03056 

-0.00004 

0.00010 

0.09000 

- 0.00210 

-0.02332 

0.00002 

-0.00009 

0.00275 

0.03056 

-0.00006 

0.00012 

0.10000 

-0.00233 

-0.02332 

0.00003 

- 0.00012 

0.00306 

0.03056 

-0.00007 

0.00015 

0.1 1000 

-0.00257 

-0.02332 

0.00005 

-0*00014 

0.00336 

0.03056 

-0.00008 

0.00018 

I 0.12000 

-0.00280 

-0-02332 

0.00007 

-0.00017 

0.00367 

0.03056 

- 0.00010 

0.00022 

0. 13000 

-0.00303 

-0.02332 

0.00009 

- 0.00020 

0.00397 

0.03056 

- 0.00012 

0.00026 

0.14000 

-0.00326 

-0.02332 

0.00012 

-0.00023 

0.00428 

0.03055 

-0.00014 

0.00030 

0. 15000 

-0.00350 

-0.02332 

0.00016 

-0.00026 

0.00458 

0-03055 

-0.00017 

0.00034 

0.20000 

-0-00466 

-0.02330 

0.00041 

-0.00047 

0.00611 

0.03054 

-0.00032 

0.00061 

0.25000 

-0.00583 

-0.02327 

0.00083 

-0.00073 

0.00764 

0.03052 

-0.00054 

0.00095 

0.30000 

-0.00699 

-0.02322 

0.00145 

-0.00105 

0.00916 

0.03049 

-0.00083 

0.00137 

0.35000 

—0*00815 

-0.02312 

0.00230 

-0.00143 

0.01069 

0.03044 

- 0.00121 

0.00187 

0.40000 

-0.00930 

-0.02298 

0.00338 

-0.00186 

0.01221 

0.03036 

-0.00168 

0.00244 

0.45000 

-0.01045 

-0.02278 

0.00472 

-0.00236 

0.01372 

0.03027 

-0.00226 

0.00309 

0.50000 

-0.01158 

-0.02251 

0.00629 

-0.00291 

0.01523 

0.03014 

-0.00295 

0.00382 

0.55000 

-0.01270 

-0.02215 

0.00811 

-0.00352 

0-01674 

0.02997 

-0.00377 

0.00461 

0.60000 

-0.01379 

-0.02169 

0.01016 

-0.00418 

0.01823 

0.02976 

-0.00472 

0.00549 

0.65000 

-0.01486 

-0.02113 

0.01240 

-0.00489 

0.01971 

0.02949 

-0.00582 

0.00644 

0.70000 

-0.01590 

-0.02045 

0.01480 

-0.00566 

0.02118 

0.02917 

-0.00706 

0.00746 

0.80000 

-0.01786 

-0.01871 

0.01996 

-0.00735 

0.02405 

0.02833 

-0.00998 

0.00972 

0.90000 

-0.01963 

-0.01645 

0.02524 

-0.00923 

0.02683 

0.02716 

-0.01346 

0.01227 

1.00000 

-0.02114 

-0.01368 

0.03022 

-0.01127 

0.02947 

0.02562 

-0.01742 

0.01508 

1.10000 

-0.02235 

-0.01043 

0.03445 

-0.01345 

0.03194 

0.02366 

-0.02172 

0.01816 

1.20000 

-0.02321 

-0.00682 

0.03753 

-0.01573 

0.03419 

0.02127 

-0.02616 

0.02146 

1.40000 

-0.02381 

0.00095 

0.03909 

-0.02046 

0.03786 

0.01518 

-0.03448 

0.02869 

1.60000 

-0.02286 

0.00836 

0.03397 

-0.02515 

0.04017 

0.00764 

-0.04030 

0.03652 

1.80000 

-0.02057 

0.01417 

0.02347 

-0.02951 

0.04087 

-0.00066 

-0.04192 

0.04465 

2.00000 

-0.01735 

0.01759 

0.01050 

-0.03331 

0.03991 

-0.00879 

-0.03862 

0.05275 

2.20000 

-0.01371 

0.01843 

-0.00172 

-0. 03642 

0.03743 

-0.01581 

-0.03091 

0.06051 

2.40000 

- 0.01012 

0.01711 

-0.01081 

-0.03880 

0.03371 

-0.02096 

-0.02030 

0.06764 

2.60000 

-0.00696 

0.01438 

-0.01577 

-0.04050 

0.02919 

-0.02387 

-0.00881 

0.07394 

2.80000 

-0.00441 

0.01106 

-0.01691 

-0.04162 

0.02432 

-0.02455 

0.00168 

0.07930 

3.00000 

-0.00253 

0.00780 

-0.01531 

-0.04231 

0.01950 

-0.02335 

0.00984 

0.08367 

3.20000 

-0.00126 

0.00503 

-0.01226 

-0.04268 

0.01506 

-0.02082 

0.01505 

0.08712 

3.40000 

-0.00047 

0.00292 

-0.00884 

-0.04284 

0.01122 

-0.01753 

0.01737 

0.08974 

3.60000 

-0.00005 

0.00147 

-0.00576 

-0.04289 

0.00807 

-0.01403 

0.01732 

0.09166 

3.80000 

0.00015 

0.00057 

-0.00336 

-0.04288 

0.00560 

-0.01071 

0.01566 

0.09301 

4.00000 

0.00021 

0.00008 

-0.00170 

-0.04284 

0.00375 

-0.00782 

0.01311 

0.09394 

4.20000 

0.00020 

-0.00015 

-0.00066 

-0.04280 

0.00243 

-0.00548 

0.01030 

0.09455 

4.40000 

0.00016 

- 0.00022 

-0.00009 

-0.04276 

0.00153 

-0.00369 

0.00766 

0.09494 

4.60000 

0.00012 

- 0.00021 

0.00016 

-0.04273 

0.00092 

-0.00239 

0.00541 

0.09518 

4.80000 

0.00008 

-0.00017 

0.00024 

-0.04271 

0.00054 

-0.00149 

0.00365 

0.09532 

5.00000 

0.00005 

- 0.00012 

0.00022 

-0.04270 

0.00031 

-0.00090 

0.00236 

0.09541 

5.20000 

0.00003 

-0.00008 

0.00018 

-0.04269 

0.00017 

-0.00052 

0.00146 

0.09545 

5.40000 

0.00002 

-0.00005 

0.00012 

-0.04269 

0.00009 

-0.00029 

0.00087 

0.09548 

5.60000 

0.00001 

-0.00003 

0.00008 

-0.04269 

0.00005 

-0.00016 

0.00050 

0.09549 

5.80000 

0.00000 

- 0.00002 

0.00005 

-0.04269 

0.00002 

-0.00008 

0.00027 

0.09550 

6.00000 

0.00000 

- 0.00001 

0.00003 

-0.04268 

0.00001 

-0.00004 

0.00015 

0.09550 

6.20000 

0.00000 

-0.00000 

0.00002 

-0.04268 

0.00001 

- 0.00002 

0.00007 

0.09550 

6.40000 

0.00000 

- 0.00000 

0.00001 

-0.04268 

0.00000 

- 0.00001 

0.00004 

0.09550 

6.60000 

0.00000 

-0.00000 

0.00000 

-0.04268 

0.00000 

- 0.00000 

0.00002 

0.09550 

6.80000 

0.00000 

- 0.00000 

0.00000 

-0.04268 

0.00000 

-0.00000 

0.00001 

0.09550 

7.00000 

0.00000 

-0.00000 

0.00000 

-0.04268 

0.00000 

- 0.00000 

0.00000 

0.09550 

7.20000 

- 0.00000 

- 0.00000 

0.00000 

-0.04268 

0.00000 

- 0.00000 

0.00000 

0.09550 

7.40000 

- 0.00000 

-0.00000 

0.00000 

-0.04268 

0.00000 

- 0.00000 

0 .00000 

0.09550 

7.60000 

- 0.00000 

- 0.00000 

0.00000 

-0.04268 

0.00000 

- 0.00000 

0.00000 

0.09550 

7.80000 

- 0.00000 

- 0.00000 

0.00000 

-0.04268 

0.00000 

- 0.00000 

0.00000 

0.09550 

8.00000 

- 0.00000 

- 0.00000 

0.00000 

-0.04268 

0.00000 

- 0.00000 

0.00000 

0.09550 

8.20000 

-0.00000 

-0.00000 

0.00000 

-0.04268 

0.00000 

- 0.00000 

0.00000 

0.09550 

8.40000 

- 0.00000 

- 0.00000 

0.00000 

-0.04268 

0.00000 

- 0.00000 

0.00000 

0.09550 

8.60000 

- 0.00000 

- 0.00000 

0.00000 

-0.04268 

0. 00000 

- 0.00000 

0.00000 

0.09550 

8.80000 

- 0.00000 

- 0.00000 

0.00000 

-0.04268 

0.00000 

- 0.00000 

- 0.00000 

0.09550 

9.00000 

- 0.00000 

- 0.00000 

0.00000 

-0.04268 

0.00000 

- 0.00000 

0.00000 

0.09550 

9.20000 

- 0.00000 

- 0.00000 

0.00000 

-0.04268 

0.00000 

- 0.00000 

0.00000 

0.09550 

9.40000 

- 0.00000 

- 0.00000 

0.00000 

-0.04268 

0.00000 

- 0.00000 

0.00000 

0.09550 

9.60000 

- 0.00000 

- 0.00000 

0.00000 

-0.04268 

0.00000 

- 0.00000 

0.00000 

0.09550 

9.80000 

- 0.00000 

- 0.00000 

0.00000 

-0.04268 

0.00000 

- 0.00000 

0.00000 

0.09550 

10.00000 

- 0.00000 

- 0.00000 

0.00000 

-0.04268 

0.00000 

- 0.00000 

0.00000 

0.09550 
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TABLE I.- AXISYMMETRIC STAGNATION -POINT UNIVERSAL FUNCTIONS 

cr 0 =0.75 - Continued 


V 

6 G 3 

( m , 8 ,) 

6 G 3 

6 G 3 

6*3 

7 G 3 

( m 2 ) 

7 G 3 

r “ 
7 G 3 

7I3 

0 . 

0 . 

0.04217 

- 0.20808 

0 . 

0 . 

0.48660 

- 1.40043 

0 . 

0.01000 

0.00041 

0.04009 

- 0.20809 

0.00000 

0.00480 

0.47263 

- 1.39368 

0.00002 

0.02000 

0.00080 

0.03801 

- 0.20812 

0.00001 

0.00945 

0.45873 

- 1.38695 

0.00010 

0.03000 

0.00117 

0.03593 

- 0.20816 

0.00002 

0.01397 

0.44489 

- 1.38025 

0.00021 

0.04000 

0.00152 

0.03385 

- 0.20821 

0.00003 

0.01835 

0.43113 

- 1.37355 

0.00037 

0.05000 

0.00185 

0.03176 

- 0.20826 

0.00005 

0.02259 

0.41742 

- 1.36686 

0.00058 

0.06000 

0.00216 

0.02968 

- 0.20832 

0.00007 

0.02670 

0.40379 

- 1.36016 

0.00083 

0.07000 

0.00244 

0.02760 

- 0.20837 

0.00009 

0.03067 

0.39022 

- 1.35346 

0.00111 

0.08000 

0.00271 

0.02551 

- 0.20841 

0.00012 

0.03450 

0.37672 

- 1.34673 

0.00144 

0.09000 

0.00295 

0.02343 

- 0.20845 

0.00015 

0.03820 

0.36329 

- 1.33998 

0.00180 

0. 10000 

0.00318 

0.02134 

- 0.20847 

0.00018 

0.04177 

0.34992 

- 1.33320 

0.00220 

0.11000 

0.00338 

0.01926 

- 0.20847 

0.00021 

0.04520 

0.33662 

- 1.32637 

0.00264 

0 . 12000 

0.00356 

0.01718 

- 0.20845 

0.00024 

0.04850 

0.32339 

- 1.31951 

0.00311 

0 . 13000 

0.00372 

0.01509 

- 0.20840 

0.00028 

0.05167 

0.31023 

- 1.31259 

0.00361 

0 . 14000 

0.00386 

0.01301 

- 0.20832 

0.00032 

0.05471 

0.29714 

- 1.30562 

0.00414 

0.15000 

0.00398 

0.01093 

- 0.20821 

0.00036 

0.05761 

0.28412 

- 1.29858 

0.00470 

0.20000 

0.00427 

0.00054 

- 0.20706 

0 . 00057 

0.07021 

0.22009 

- 1.26224 

0.00791 

0.25000 

0.00404 

- 0.00976 

- 0.20461 

0.00078 

0.07965 

0.15794 

- 1.22352 

0.01167 

0.30000 

0.00330 

- 0.01989 

- 0.20052 

0.00096 

0.08604 

0.09779 

- 1.18183 

0.01582 

0-35000 

0.00205 

- 0.02978 

- 0.19447 

0.00110 

0.08947 

0.03981 

— 1.13671 

0.02022 

0-40000 

0.00032 

- 0.03931 

- 0.18624 

0.00116 

0.09006 

- 0.01582 

- 1.08778 

0.02472 

0.45000 

— 0 .00187 

- 0.04836 

- 0.17563 

0.00112 

0.08793 

- 0.06890 

- 1.03478 

0.02918 

0.50000 

- 0.00450 

- 0.05683 

- 0. 16252 

0.00096 

0.08321 

- 0.11923 

- 0.97755 

0.03347 

0.55000 

- 0.00754 

- 0.06457 

- 0. 14687 

0.00066 

0.07606 

- 0.16658 

- 0.91605 

0.03747 

0.60000 

- 0.01095 

- 0.07147 

- 0.12870 

0.00020 

0.06661 

- 0.21076 

- 0.85034 

0.04104 

0.65000 

- 0.01467 

- 0.07740 

- 0.10810 

- 0.00044 

0.05504 

- 0.25155 

- 0.78059 

0.04409 

0.70000 

- 0.01867 

- 0.08224 

- 0.08624 

- 0.00127 

0.04151 

- 0.28876 

- 0.70707 

0.04651 * 

0.80000 

- 0.02724 

- 0.08825 

- 0.03379 

- 0.00356 

0.00936 

- 0.35173 

- 0.55034 

0.04911 

0.90000 

- 0.03614 

- 0.08082 

0.02295 

- 0.00673 

- 0.02829 

- 0.39851 

- 0.38418 

0.04820 

1.00000 

- 0.04481 

- 0.08360 

0.08144 

- 0.01078 

- 0.06978 

- 0.42842 

- 0.21381 

0.04332 

1.10000 

- 0.05266 

- 0.07261 

0.13760 

- 0.01566 

- 0.11341 

- 0.44133 

- 0.04516 

0.03417 

1.20000 

- 0.05915 

- 0.05630 

0. 18723 

- 0.02126 

- 0.15749 

- 0.43772 

0.11557 

0.02063 

1.40000 

- 0.06615 

- 0.01146 

0.25220 

- 0.03394 

- 0.24077 

- 0.38588 

0.39003 

- 0.01937 

1.60000 

- 0.06326 

0.04047 

0.25623 

- 0.04706 

- 0.30876 

- 0.28790 

0.57227 

- 0.07466 

1.80000 

- 0.05033 

0.08689 

0.19886 

- 0.05857 

- 0.35422 

- 0.16429 

0.64555 

- 0.14137 

2.00000 

- 0.02959 

0. 11716 

0.09905 

- 0.06667 

- 0.37421 

- 0.03656 

0.61625 

- 0.21464 

2.20000 

- 0.00493 

0.12569 

- 0.01309 

- 0.07015 

- 0.36980 

0.07699 

0.50894 

- 0.28942 

2.40000 

0.01927 

0.11309 

- 0. 10804 

- 0.06867 

- 0.34519 

0.16407 

0.35742 

- 0, 36121 

2.60000 

0.03927 

0.08496 

- 0.16631 

- 0.06272 

- 0.30632 

0.21927 

0. 19536 

- 0.42654 

2.80000 

0.05276 

0.04940 

- 0.18242 

- 0.05340 

- 0.25957 

0.24332 

0.04952 

- 0.48321 

3.00000 

0.05907 

0.01437 

- 0.16297 

- 0.04210 

- 0.21073 

0.24129 

- 0.06355 

- 0.53023 

3.20000 

0.05893 

- 0.01431 

- 0.12146 

- 0.03021 

- 0.16431 

0.22052 

- 0.13758 

- 0.56767 

3.40000 

0.05397 

- 0.03372 

- 0.07248 

- 0.01885 

- 0.12326 

0.18874 

- 0 . 17451 

- 0.59632 

3.60000 

0.04609 

- 0.04359 

- 0.02760 

- 0.00881 

- 0.08909 

0.15272 

- 0. 18146 

- 0.61743 

3.80000 

0.03707 

- 0.04549 

0.00645 

- 0.00049 

- 0.06211 

0.11753 

- - 0.16775 

- 0.63243 

4.00000 

0.02826 

- 0.04187 

0.02762 

0.00603 

- 0.04180 

0.08639 

- 0. 14246 

- 0.64272 

4. 20000 

0.02052 

- 0.03522 

0.03719 

0.01088 

- 0.02718 

0.06082 

- 0.11302 

- 0.64953 

4.40000 

0.01424 

- 0.02757 

0.03816 

0.01433 

- 0.01708 

0.04110 

- 0.08460 

- 0.65389 

4.60000 

0.00946 

- 0.02030 

0.03390 

0.01668 

- 0.01038 

0.02671 

- 0.06012 

- 0.65659 

4.80000 

0.00604 

- 0.01416 

0.02730 

0.01821 

- 0.00611 

0.01671 

- 0.04074 

- 0.65821 

5.00000 

0.00370 

- 0.00941 

0.02036 

0.01917 

- 0.00347 

0.01008 

- 0.02640 

- 0.65914 

5.20000 

0.00219 

- 0.00596 

0.01424 

0.01975 

- 0.00191 

0.00586 

- 0.01640 

- 0.65967 

5.40000 

0.00124 

- 0.00362 

0.00941 

0.02008 

- 0.00102 

0.00329 

- 0.00979 

- 0.65995 

5.60000 

0.00068 

- 0.00211 

0.00591 

0.02027 

- 0.00053 

0.00178 

- 0.00561 

- 0.66010 

5.80000 

0.00036 

- 0.00118 

0.00354 

0.02037 

- 0.00026 

0.00093 

- 0.00310 

- 0.66018 

6.00000 

0.00018 

- 0.00064 

0.00203 

0.02042 

- 0.00013 

0.00047 

- 0.00165 

- 0.66022 

6.20000 

0.00009 

- 0.00033 

O.OOill 

0.02045 

- 0.00006 

0.00023 

- 0.00085 

- 0.66024 

6.40000 

0.00004 

- 0.00017 

0.00059 

0.02046 

- 0.00003 

0.00011 

- 0.00042 

- 0.66024 

6.60000 

0.00002 

- 0.00008 

0.00030 

0.02047 

- 0.00001 

0.00005 

- 0.00020 

- 0.66025 

6.80000 

0.00001 

- 0.00004 

0.00014 

0.02047 

- 0.00001 

0.00002 

- 0.00009 

- 0.66025 

7.00000 

0.00000 

- 0.00002 

0.00007 

0.02047 

- 0.00000 

0.00001 

- 0.00004 

- 0.66025 

7.20000 

0.00000 

- 0.00001 

0.00003 

0.02047 

- 0.00000 

0.00000 

- 0.00002 

- 0.66025 

7.40000 

0.00000 

- 0.00000 

0.00001 

0.02047 

- 0.00000 

0.00000 

- 0.00001 

- 0.66025 

7.60000 

0.00000 

- 0.00000 

0.00001 

0.02047 

- 0.00000 

0.00000 

- 0.00000 

- 0.66025 

7 .aoooo 

0.00000 

- 0.00000 

0.00000 

0.02047 

- 0.00000 

0.00000 

- 0.00000 

- 0.66025 

8.00000 

- 0.00000 

- 0.00000 

0.00000 

0.02047 

0.00000 

0.00000 

- 0.00000 

- 0.66025 

8.20000 

- 0.00000 

- 0.00000 

0.00000 

0.02047 

0.00000 

0.00000 

- 0.00000 

- 0.66025 

8.40000 

- 0.00000 

- 0.00000 

0.00000 

0.02047 

0.00000 

0.00000 

- 0.00000 

- 0.66025 

8.60000 

- 0.00000 

- 0.00000 

0.00000 

0.02047 

0.00000 

0.00000 

- 0.00000 

- 0.66025 

8.80000 

- 0.00000 

- Q . 00000 

0.00000 

0.02047 

0.00000 

0.00000 

- 0.00000 

- 0.66025 

9.00000 

- 0.00000 

- 0.00000 

0.00000 

0.02047 

0.00000 

0.00000 

- 0.00000 

- 0.66025 

9.20000 

- 0.00000 

- 0.00000 

0.00000 

0.02047 

0.00000 

0.00000 

- 0.00000 

- 0.66025 

9.40000 

- 0.00000 

- 0.00000 

0.00000 

0.02047 

0.00000 

0.00000 

- 0.00000 

- 0.66025 

9.60000 

- 0.00000 

- 0.00000 

0.00000 

0.02047 

0.00000 

0.00000 

- 0.00000 

- 0.66025 

9.80000 

- 0.00000 

- 0.00000 

0.00000 

0.02047 

0.00000 

0.00000 

- 0.00000 

- 0.66025 

10.00000 

- 0.00000 

- 0.00000 

0.00000 

0.02047 

0.00000 

0.00000 

- 0.00000 

- 0.66025 
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V 

8 G 3 

(S 2 ) 

8 G 3 

8 G 3 

l G 4 

(m 3 ) 

l G 4 

i G 4 

ll 4 

0 . 

0 . 

- 0.06296 

0 . 

0 . 

a . 76428 

- 2-80085 

0 . 

0.01000 

- 0.00063 

- 0.06296 

0.00002 

0.00750 

0.73641 

- 2.77388 

0.00004 

0.02000 

- 0.00126 

- 0.06296 

0.00006 

0.01473 

0.70880 

- 2.74708 

0.00015 

0.03000 

- 0.00189 

- 0.06296 

0.00014 

0.02168 

0.68147 

- 2.72042 

0.00033 

0.04000 

- 0.00252 

- 0.06296 

0.00025 

0.02836 

0.65440 

- 2.69391 

0.00058 

0.05000 

- 0.00315 

- 0.06296 

0.00038 

0.03477 

0.62759 

- 2.66752 

0.00090 

0.06000 

- 0.00378 

- 0.06295 

0.00055 

0.04091 

0.60104 

- 2.64124 

0.00128 

0.07000 

- 0.00441 

- 0.06295 

0.00074 

0.04679 

0.57476 

- 2.61506 

0.00172 

0.08000 

- 0.00504 

- 0.06294 

0.00097 

0.05241 

0.54874 

- 2.58896 

0.00221 

0.09000 

- 0.00567 

- 0.06293 

0.00122 

0.05777 

0.52298 

- 2.56294 

0.00276 

0. 10000 

- 0.00630 

- 0.06291 

0.00149 

0.06287 

0.49748 

- 2.53698 

0.00337 

0.11000 

- 0.00692 

- 0.06290 

0.00179 

0.06772 

0.47224 

- 2.51106 

0.00402 

0. 12000 

- 0.00755 

- 0.06288 

0.00212 

0.07231 

0.44726 

- 2.48519 

0.00472 

j 0.13000 

- 0.00818 

- 0.06286 

0.00248 

0.07666 

0.42254 

- 2.45934 

0.00546 

0.14000 

- 0.00881 

- 0.06283 

0.00285 

0.08077 

0.39808 

- 2.43351 

0.00625 

0.15000 

- 0.00944 

- 0.06280 

0.00326 

0.08463 

0.37387 

- 2.40768 

0.00708 

0.20000 

- 0.01257 

- 0.06258 

0.00561 

0.10036 

0.25672 

- 2.27837 

0.01173 

0.25000 

- 0.01569 

- 0.06223 

0.00849 

0.11041 

0. 14605 

- 2.14804 

0.01702 

0.30000 

- 0.01879 

- 0.06172 

0.01182 

0. 11508 

0.04194 

- 2.01592 

0.02268 

0.35000 

- 0.02186 

- 0.06104 

0.01554 

0.11471 

- 0.05550 

- 1.88150 

0.02844 

0.40000 

- 0.02489 

- 0.06016 

0.01959 

0.10964 

- 0.14616 

- 1.74447 

0.03407 

0.45000 

- 0.02788 

- 0.05908 

0.02390 

0.10021 

- 0.22991 

- 1.60475 

0.03934 

0.50000 

- 0.03080 

- 0.05777 

0.02839 

0.08677 

- 0.30660 

- 1.46244 

0.04403 

0.55000 

- 0.03365 

- 0.05624 

0.03300 

0.06967 

- 0.37611 

- 1.31782 

0.04795 

0.60000 

- 0.03642 

- 0.05447 

0.03766 

0.04928 

- 0.43835 

- 1.17135 

0.05094 

0.65000 

- 0.03909 

- 0.05247 

0.04231 

0.02596 

- 0.49322 

- 1.02361 

0.05283 

0.70000 

- 0.04166 

- 0.05024 

0.04688 

0.00008 

- 0.54070 

- 0.87531 

0.05349 

0.80000 

- 0.04644 

- 0.04511 

0.05552 

- 0.05787 

—0 - 6 l 344 

- 0.58039 

0.05066 

0.90000 

- 0.05066 

- 0.03917 

0.06311 

- 0.12164 

- 0.65705 

- 0.29383 

0.04172 

l. 00000 

- 0.05425 

- 0.03254 

0.06925 

- 0.18835 

- 0.67275 

- 0.02338 

0.02624 

1. 10000 

- 0.05715 

- 0.02538 

0.07362 

- 0.25532 

- 0.66252 

0.22351 

0.00404 

1.20000 

- 0.05931 

- 0.01788 

0.07601 

- 0.32008 

- 0.62905 

0.44028 

- 0.02475 

1.40000 

- 0.06136 

- 0.00269 

0.07452 

- 0.43467 

- 0.50600 

0.76443 

- 0. 10064 

1.60000 

- 0.06046 

0.01140 

0.06524 

- 0.51922 

- 0.33399 

0.92885 

- 0. 19661 

1.80000 

- 0.05697 

0.02302 

0.05012 

- 0.56712 

- 0.14463 

0.94137 

- 0.30587 

2.00000 

- 0.05148 

0.03125 

0.03196 

- 0.57778 

0.03439 

0.83177 

- 0.42096 

2.20000 

- 0.04472 

0.03579 

0.01370 

- 0.55543 

0.18272 

0.64201 

- 0.53477 

2.40000 

- 0.03739 

0.03689 

- 0.00223 

- 0.50752 

0.28882 

0.41647 

- 0.64142 

2.60000 

- 0.03015 

0.03516 

- 0.01430 

- 0.44294 

0.34956 

0.19425 

- 0.73667 

2.80000 

- 0.02346 

0.03146 

- 0.02195 

- 0.37048 

0.36869 

0.00422 

- 0.81808 

3.00000 

- 0.01764 

0-02666 

- 0.02542 

- 0.29769 

0.35452 

- 0.13709 

- 0.88485 

3.20000 

- 0.01282 

0.02152 

- 0.02551 

- 0.23020 

0.31744 

- 0.22494 

- 0.93751 

3.40000 

- 0.00901 

0.01661 

- 0.02327 

- 0.17155 

0.26781 

- 0.26396 

- 0.97752 

3.60000 

- 0.00613 

0.01230 

- 0.01973 

- 0.12332 

0.21442 

- 0.26455 

- 1.00683 

3.80000 

- 0.00404 

0.00875 

- 0.01573 

- 0.08559 

0.16371 

- 0.23937 

- 1.02755 

4.00000 

- 0.00258 

0.00600 

- 0.01190 

- 0.05739 

0.11958 

- 0.20049 

- 1.04170 

4.20000 

- 0.00160 

0.00396 

- 0.00857 

- 0.03720 

0.08378 

- 0. 15754 

- 1.05104 

4.40000 

- 0.00096 

0.00252 

- 0.00591 

- 0.02332 

0.05640 

- 0.11709 

- 1.05700 

4.60000 

- 0.00056 

0.00155 

- 0.00390 

- 0.01414 

0.03653 

- 0.08277 

- 1.06068 

4. 80000 

- 0.00031 

0.00092 

- 0.00248 

- 0.00830 

0.02279 

- 0.05585 

- 1.06288 

5.00000 

- 0.00017 

0.00053 

- 0.00151 

- 0.00471 

0.01371 

- 0.03607 

- 1.06415 

5.20000 

- 0.00009 

0.00029 

- 0.00089 

- 0.00259 

0.00796 

- 0.02235 

- 1.06486 

5.40000 

- 0.00005 

0.00016 

- 0.00050 

- 0.00138 

0.00446 

- 0.01330 

- 1.06525 

5.60000 

- 0.00002 

0.00008 

- 0.00028 

- 0.00071 

0.00241 

- 0.00762 

- 1.06545 

5.80000 

- 0.00001 

0.00004 

- 0.00015 

- 0.00036 

0.00126 

- 0.00420 

- 1.06556 

6.00000 

- 0.00001 

0.00002 

- 0.00007 

- 0.00017 

0.00064 

- 0.00223 

- 1.06561 

6.20000 

- 0.00000 

0.00001 

- 0.00004 

- 0.00008 

0.00031 

- 0.00114 

- 1.06563 

6.40000 

- 0.00000 

0.00000 

- 0.00002 

- 0.00004 

0.00015 

- 0.00057 

- 1.06564 

6.60000 

- 0.00000 

0.00000 

- 0.00001 

- 0.00002 

0.00007 

- 0.00027 

- 1.06565 

6.80000 

- 0.00000 

0.00000 

- 0.00000 

- 0.00001 

0.00003 

- 0.00012 

- 1.06565 

7.00000 

- 0.00000 

0.00000 

- 0.00000 

- 0.00000 

0.00001 

- 0.00006 

- 1.06565 

7.20000 

- 0.00000 

0.00000 

- 0.00000 

- 0.00000 

0.00001 

- 0.00002 

- 1.06565 

7.40000 

- 0.00000 

0.00000 

- 0.00000 

- 0.00000 

0.00000 

- 0.00001 

- 1.06565 

7.60000 

- 0.00000 

0.00000 

- 0.00000 

- 0.00000 

0.00000 

- 0.00000 

- 1.06565 

7.80000 

- 0.00000 

0.00000 

- 0.00000 

- 0.00000 

0.00000 

- 0.00000 

- 1.06565 

8.00000 

- 0.00000 

0.00000 

- 0.00000 

- 0.00000 

0.00000 

- 0.00000 

- 1.06565 

8.20000 

- 0.00000 

0.00000 

- 0.00000 

- 0.00000 

0.00000 

- 0.00000 

- 1.06565 

8.40000 

- 0.00000 

0.00000 

- 0.00000 

- 0.00000 

0.00000 

- 0.00000 

- 1.06565 

8.60000 

- 0.00000 

0.00000 

- 0.00000 

- 0.00000 

0.00000 

- 0.00000 

- 1.06565 

8.80000 

- 0.00000 

0.00000 

- 0.00000 

- 0.00000 

0.00000 

- 0.00000 

- 1.06565 

9.00000 

- 0.00000 

0.00000 

- 0.00000 

- 0.00000 

0-00000 

- 0.00000 

- 1.06565 

9.20000 

- 0.00000 

0.00000 

- 0.00000 

- 0.00000 

0.00000 

- 0.00000 

- 1.06565 

9.40000 

- 0.00000 

0.00000 

- 0.00000 

- 0.00000 

0.00000 

- 0.00000 

- 1.06565 

9.60000 

- 0.00000 

0.00000 

- 0.00000 

- 0.00000 

0.00000 

- 0.00000 

- 1.06565 

9.80000 

- 0.00000 

0.00000 

- 0.00000 

- 0.00000 

0.00000 

- 0.00000 

- 1.06565 

10.00000 

- 0.00000 

0.00000 

- 0.00000 

- 0.00000 

0. 00000 

- 0.00000 

- 1.06565 
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TABLE I.- AXISYMMETRIC STAGNATION -POINT UNIVERSAL FUNCTIONS 
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V 

2 G 4 

( m , m 2 ) 

2 G 4 

2 G 4 

2*4 

3 G 4 

( 8 3 ) 

3 q ; 

3 G 4 

0 . 

0 . 

- 2.94233 

12 . B 8045 

0 . 

0 . 

- 0.05650 

0 . 

0.01000 

- 0.02878 

- 2.81456 

12.67293 

- 0.00014 

- 0.00057 

- 0.05650 

0.00002 

0.02000 

- 0.05630 

- 2.68887 

12.46686 

- 0.00057 

- 0.00113 

- 0.05650 

0.00006 

0.03000 

- 0.08257 

- 2.56522 

12.26216 

- 0.00127 

- 0.00170 

- 0.05650 

0.00015 

0.04000 

- 0.10761 

- 2.44362 

12.05877 

- 0.00222 

- 0.00226 

- 0.05650 

0.00026 

0.05000 

- 0.13145 

- 2.32404 

11.85663 

- 0.00341 

- 0.00283 

- 0.05650 

0.00040 

0.06000 

- 0.15410 

- 2.20648 

11.65570 

- 0.00484 

- 0.00339 

- 0.05649 

0.00057 

0.07000 

- 0. 17558 

- 2.09092 

11.45591 

- 0. 00649 

- 0.00395 

- 0.05648 

0.00077 

0.08000 

- 0.19592 

- 1.97736 

11.25723 

- 0.00835 

- 0.00452 

- 0.05648 

0.00099 

0.09000 

- 0.21514 

- 1.86578 

11.05960 

- 0.01041 

- 0.00508 

- 0.05646 

0.00125 

0 . LOOOO 

- 0.23324 

- 1.75616 

10.86299 

- 0.01265 

- 0.00565 

- 0.05645 

0.00153 

0.11000 

- 0.25027 

- 1.64851 

10.66737 

- 0.01507 

- 0.00621 

- 0.05643 

0.00184 

0. 12000 

- 0.26622 

- 1.54281 

10.47269 

- 0.01765 

- 0.00678 

- 0.05641 

0.00217 

0. 13000 

- 0.28113 

- 1.43906 

10.27893 

- 0.02039 

- 0.00734 

- 0.05639 

0.00253 

0. 14000 

- 0.29501 

- 1.33723 

10.08606 

- 0.02327 

- 0.00791 

- 0.05636 

0.00291 

0.15000 

- 0.30788 

- 1.23733 

9.89407 

- 0.02629 

- 0.00847 

- 0.05633 

0.00331 

0.20000 

- 0.35778 

- 0.76640 

8-94656 

- 0.04303 

- 0.01128 

- 0.05611 

0.00566 

0.25000 

- 0.38530 

- 0.34234 

8.01911 

- 0.06169 

- 0.01408 

- 0.05576 

0.00850 

0.30000 

- 0.39277 

0.03585 

7.11207 

- 0.08122 

- 0.01685 

- 0.05525 

0.01176 

0.35000 

- 0.38246 

0.36923 

6.22729 

- 0. 10067 

- 0.01960 

- 0.05458 

0.01535 

0.40000 

- 0.35658 

0.65900 

5.36786 

- 0. 11921 

- 0.02231 

- 0.05371 

0.01922 

0.45000 

- 0-31727 

0.90651 

4.53789 

- 0.13611 

- 0.02497 

- 0.05265 

0.02328 

0.50000 

- 0.26661 

1.11336 

3.74218 

- 0.15075 

- 0.02757 

- 0.05138 

0.02747 

0.55000 

- 0.20658 

1.28139 

2.98603 

- 0. 16261 

- 0.03010 

- 0.04990 

0.03172 

0.60000 

- 0.13908 

1.41271 

2.27492 

- 0 . 17128 

- 0.03256 

- 0.04821 

0.03598 

0.65000 

- 0.06588 

1.50972 

1.61422 

- 0.17642 

- 0.03492 

- 0.04631 

0.04016 

0.70000 

0.01137 

1.57506 

1.00898 

- 0. 17780 

- 0.03718 

- 0.04420 

0.04422 

0.80000 

0.17210 

1.62248 

- 0.01820 

- 0. 16867 

- 0.04137 

- 0.03939 

0.05175 

0.90000 

0.33287 

1.58022 

- 0.78201 

- 0. 14338 

- 0.04504 

- 0.03388 

0.05817 

l . 00000 

0.48605 

1.47510 

- 1.27601 

- 0. 10235 

- 0.04813 

- 0.02780 

0.06314 

1.10000 

0.62668 

1.33356 

- 1.51442 

- 0.04659 

- 0.05059 

- 0.02131 

0.06644 

1.20000 

0.75235 

1.17961 

- 1.53149 

0.02249 

- 0.05238 

- 0.01458 

0.06793 

1.40000 

0.95966 

0.90770 

- 1.11446 

0. 19460 

- 0.05394 

- 0.00113 

0.06537 

1.60000 

1.12301 

0.74618 

- 0.50980 

0.40340 

- 0.05291 

0.01113 

0.05622 

1.80000 

1.26515 

0.68767 

- 0.13865 

0.64241 

- 0.04965 

0.02105 

0.04236 

2.00000 

1.40027 

0.66163 

- 0.19469 

0.90904 

- 0.04470 

0.02793 

0.02629 

2.20000 

1.52636 

0.58514 

- 0.61483 

1.20195 

- 0.03869 

0.03158 

0.01047 

2.40000 

1.62740 

0.40655 

- 1.17142 

1.51792 

- 0.03226 

0.03226 

- 0.00312 

2.60000 

1.68199 

0.12457 

- 1.61108 

1.84980 

- 0.02595 

0.03056 

- 0.01325 

2.80000 

1.67311 

- 0.21851 

- 1.76467 

2. 18646 

- 0.02015 

0.02722 

- 0.01955 

3.00000 

1.59475 

- 0.55924 

- 1.59125 

2.51438 

- 0.01512 

0.02298 

- 0.02228 

3.20000 

1.45361 

- 0.83773 

- 1.16067 

2-82015 

- 0.01097 

0.01850 

- 0.02217 

3.40000 

1.26647 

- 1.01499 

- 0.60244 

3.09275 

- 0.00770 

0.01425 

- 0.02010 

3.60000 

1. 05521 

- 1.07922 

- 0.05074 

3.32513 

- 0.00523 

0.01053 

- 0.01698 

3.80000 

0*84155 

- 1.04250 

0.39447 

3.51468 

- 0.00345 

0.00748 

- 0.01350 

4. 00000 

0.64314 

- 0.93195 

0.68352 

3.66278 

- 0.00220 

0.00512 

- 0.01019 

4.20000 

0.47153 

- 0.77977 

0.81347 

3. 77374 

- 0.00136 

0.00337 

- 0.00733 

4.40000 

0.33203 

- 0.61527 

0.81328 

3.85355 

- 0.00081 

0.00215 

- 0.00504 

4.60000 

0.22477 

- 0.46025 

0.72623 

3.90871 

- 0.00047 

0.00132 

- 0.00333 

4.80000 

0.14642 

- 0.32768 

0.59542 

3.94539 

- 0.00027 

0.00078 

- 0.00211 

5.00000 

0.09185 

- 0.22269 

0.45503 

3.96886 

- 0.00014 

0.00045 

- 0.00129 

5.20000 

0.05553 

- 0. 14480 

0.32716 

3.98334 

- 0.00008 

0.00025 

- 0.00076 

5.40000 

0.03237 

- 0.09025 

0.22266 

3.99195 

- 0.00004 

0.00013 

- 0.00043 

5.60000 

0.01821 

- 0.05400 

0.14408 

3.99689 

- 0.00002 

0.00007 

- 0.00023 

5.80000 

0.00988 

- 0.03105 

0.08893 

3.99962 

- 0.00001 

0.00004 

- 0.00012 

6.00000 

0.00518 

- 0.01718 

0.05248 

4.00108 

- 0.00000 

0.00002 

- 0.00006 

6.20000 

0.00263 

- 0.00915 

0.02967 

4.00183 

- 0.00000 

0.00001 

- 0.00003 

6.40000 

0.00128 

- 0.00470 

0.01610 

4.00221 

- 0.00000 

0.00000 

- 0.00001 

6.60000 

0.00061 

- 0.00233 

0.00839 

4.00239 

- 0.00000 

0.00000 

- 0.00001 

6.80000 

0.00028 

- O.OOili 

0.00420 

4.00248 

- 0.00000 

0.00000 

- 0.00000 

7.00000 

0.00012 

- 0.00051 

0.00203 

4.00251 

- 0.00000 

0.00000 

- 0.00000 

7.20000 

0.00005 

- 0.00023 

0.00094 

4.00253 

- 0.00000 

0.00000 

- 0.00000 

7.40000 

0.00002 

- 0.00010 

0.00042 

4.00254 

- 0.00000 

0.00000 

- 0.00000 

7.60000 

0.00001 

- 0.00004 

0.00018 

4.00254 

- 0.00000 

0.00000 

- 0.00000 

7.80000 

0.00000 

- 0.00002 

0.00008 

4.00254 

- 0.00000 

0.00000 

- 0.00000 

8.00000 

0.00000 

- 0.00001 

0.00003 

4.00254 

0.00000 

0.00000 

- 0.00000 

8.20000 

0.00000 

- 0.00000 

0.00001 

4.00254 

0.00000 

0.00000 

- 0.00000 

8.40000 

0.00000 

- 0.00000 

0.00000 

4.00254 

0.00000 

0.00000 

- 0.00000 

8.60000 

0.00000 

- 0.00000 

0.00000 

4.00254 

0.00000 

0.00000 

- 0.00000 

8.80000 

0.00000 

- 0.00000 

0.00000 

4.00254 

0.00000 

0.00000 

- 0.00000 

9.00000 

0.00000 

- 0.00000 

0.00000 

4.00254 

0.00000 

0.00000 

- 0.00000 

9.20000 

0.00000 

- 0.00000 

0.00000 

4.00254 

0.00000 

0.00000 

- 0.00000 

9.40000 

0.00000 

- 0.00000 

0.00000 

4.00254 

0.00000 

0.00000 

- 0.00000 

9.60000 

0.00000 

- 0.00000 

0.00000 

4.00254 

0.00000 

0.00000 

- 0.00000 

9.80000 

0.00000 

- 0.00000 

0.00000 

4.00254 

0.00000 

0.00000 

- 0.00000 

10.00000 

0.00000 

- 0.00000 

0.00000 

4.00254 

0.00000 

0.00000 

- 0.00000 



TABLE I. - AXISYMMETRIC STAGNATION -POINT UNIVERSAL FUNCTIONS 


a Q = O.75 - Continued 


V 

l G 5 

( m | m 3 ) 

l G k 
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l J 5 

l G 6 

( m 2 m 3 ) 

l G 6 

l G 6 

1*6 

0 . 

0 . 

- 5.39703 

28.85773 

0 . 

0 . 

- 18.38894 

120.38628 

0 . 

0.01000 

- 0.05254 

- 5.11162 

28.22641 

- 0.00027 

- 0.17793 

- 17.20271 

116.87207 

- 0.00090 

0.02000 

- 0.10225 

- 4.83248 

27.60307 

- 0.00104 

- 0.34417 

- 16.05129 

113.42126 

- 0.00352 

0.03000 

- 0.14921 

- 4.55953 

26.98750 

- 0.00230 

1 - 0.49907 

- 14.93407 

110.03264 

- 0.00775 

0.04000 

- 0.19346 

- 4.29270 

26.37953 

— 0. 00402 

- 0.64296 

- 13.85044 

106.70500 

- 0.01346 

0.05000 

- 0.23508 

- 4.03192 

25. 77898 

- 0.00616 

I - 0.77619 

- 12.79977 

103.43724 

- 0.02057 

0.06000 

- 0.27412 

- 3.77710 

25. 18371 

- 0.00871 

1 - 0.89907 

- 11.78149 

100.22832 

- 0.02895 

0.07000 

- 0.31064 

- 3.52818 

24.59955 

- 0.01164 

- 1.01192 

- 10.79501 

97.07722 

- 0.03852 

0.08000 

- 0.34471 

- 3.28508 

24.02036 

- 0. 01491 

1 - 1.11507 

- 9.83976 

93.98301 

- 0.04916 

0.09000 

- 0.37636 

- 3.04775 

23.44803 

- 0.01852 

I - 1.20882 

- 8.91517 

90. 94477 

- 0.06079 

0.10000 

- 0.40568 

- 2.81610 

22.88242 

. - 0.02243 

- 1.29348 

- 8.02068 

87.96169 

- 0.07331 

0. 1 1000 

- 0.43271 

- 2.59008 

22.32343 

- 0.02663 

- 1.36933 

- 7.15575 

85.03294 

- 0.08663 

0. 12000 

- 0.45750 

- 2.36961 

21.77095 

- 0.03108 

- 1.43669 

- 6.31984 

82.15778 

- 0.10066 

0.13000 

- 0.48012 

- 2 . 15464 

21.22489 

- 0.03577 

- 1.49582 

- 5.51242 

79.33549 

- 0.11533 

0. 14000 

- 0.50061 

- 1.94509 

20.68516 

- 0.04068 

- 1.54703 

- 4.73296 

76.56540 

- 0. 13055 

0.15000 

- 0.51904 

- 1.74091 

20.15169 

- 0.04578 

- 1.59058 

- 3.98094 

73.84688 

- 0. 14625 

0.20000 

- 0.58198 

- 0.79835 

17.57584 

- 0.07350 

- 1.70279 

- 0.61474 

61.00780 

- 0.22928 

0.25000 

- 0.60096 

0.01914 

15.14840 

- 0. 10324 

- 1.66224 

2.14003 

49.38053 

- 0.31398 

0.30000 

- 0.58203 

0.71891 

12.86645 

- 0.13296 

- 1.49799 

4.34269 

38.91635 

- 0.39345 

0.35000 

- 0.53091 

1.30821 

10.72984 

- 0.16091 

- 1.23622 

6.05040 

29.57663 

- 0.46216 

0.40000 

- 0.45293 

1.79435 

8.74040 

- 0.18560 

- 0.90028 

7.31854 

21.32827 

- 0.51583 

0.45000 

- 0.35307 

2 . 18475 

6.90117 

- 0. 20584 

- 0.51079 

8.20089 

14.13985 

- 0.55130 

0.50000 

- 0.23592 

2.48703 

5.21579 

- 0.22062 

- 0.08575 

8.74965 

7.97842 

- 0.56632 

0.55000 

- 0.10570 

2.70896 

3.68780 

- 0.22921 

0.35945 

9.01524 

2.80690 

- 0.55954 

0.60000 

0.03377 

2.85848 

2.32016 

- 0.23104 

0.81187 

9.04612 

- 1.41781 

- 0.53026 

0.65000 

0.17907 

2.94368 

1.11471 

- 0.22574 

1.26092 

8.88840 

- 4.74611 

- 0.47841 

0.70000 

0.32720 

2.97266 

0.07184 

- 0. 21309 

1.69829 

8.58548 

- 7.23633 

- 0.40436 

0.80000 

0.62188 

2.89431 

- 1.53376 

- 0. 16557 

2.51492 

7.70164 

- 9.97508 

- 0. 19296 

0.90000 

0.90174 

2.68619 

- 2.53200 

- 0.08921 

3.23386 

6.67279 

- 10.24684 

0.09534 

1.00000 

1.15673 

2.40593 

- 2.99066 

0.01395 

3.85181 

5.71153 

- 8.74177 

0.45042 

1. 10000 

1.38218 

2.10287 

- 3.00382 

0 . 14115 

4.38323 

4.95992 

- 6.17059 

0.86280 

1.20000 

1.57784 

1.81570 

- 2.69323 

0.28939 

4.85327 

4.49056 

- 3.20154 

1.32502 

1.40000 

1.89395 

l . 38306 

- 1.57752 

0.63801 

5.72449 

4.38970 

1.79512 

2.38311 

1.60000 

2 . 14666 

1.17928 

- 0.53088 

1.04275 

6 . 6560-5 

4.98231 

3.48207 

3.61914 

1.80000 

2.37599 

1 . 12820 

- 0. 10660 

1.49518 

7.71437 

5.53406 

1.49987 

5.05431 

2.00000 

2.59852 

1.08638 

- 0.42424 

1.99276 

8.82481 

5.42512 

- 2.82091 

6. 70857 

2.20000 

2.80235 

0.92413 

- 1.25186 

2.53338 

9.82107 

4.37867 

- 7.55895 

8.57665 

2.40000 

2-95576 

0.57846 

- 2.18788 

3. 11035 

10.51914 

2.48387 

- 11.08802 

10.61701 

2.60000 

3.02258 

0.06756 

- 2.85054 

3.70989 

10.78083 

0.08540 

- 12.51480 

12.75503 

2.80000 

2.97709 

- 0.52773 

- 3.00977 

4.31185 

10.54942 

- 2.37286 

- 11.72366 

14.89627 

3.00000 

2.81303 

- 1.10025 

- 2.63321 

4.89277 

9.85493 

- 4.48693 

- 9.18577 

16.94377 

3.20000 

2.54500 

- 1.55393 

- 1.85332 

5.43009 

8.79625 

- 5.98245 

- 5.67800 

18.81388 

3.40000 

2.20346 

- 1.82925 

- 0.88845 

5.90586 

7.51095 

- 6. 74803 

- 2.01275 

20.44715 

3.60000 

1.82624 

- 1.91175 

0.04199 

6.30910 

6.14345 

- 6.82098 

1.16024 

21. 81282 

3.80000 

1.45005 

- 1.82561 

0.77812 

6.63644 

4.81939 

- 6.34312 

3.45474 

22.90750 

4.00000 

1.10407 

- 1.61870 

1.24393 

6.89116 

3.63017 

- 5.50578 

4.75613 

23. 74966 

4.20000 

0.80694 

- 1.34612 

1.44025 

7.08135 

2.62819 

- 4.50055 

5.16335 

24.37213 

4.40000 

0.56669 

- 1.05712 

1.41951 

7.21774 

1.83051 

- 3.48520 

4.90025 

24.81461 

4.60000 

0.38274 

- 0.78780 

1.25638 

7.31179 

1.22748 

- 2.56762 

4.22854 

25.11735 

4.80000 

0.24882 

- 0.55916 

1.02380 

7.37418 

0.79302 

- 1.80520 

3.38341 

25.31686 

5.00000 

0.15582 

- 0.37905 

0.77890 

7.41405 

0.49392 

- 1.21407 

2.53884 

25.44358 

5.20000 

0.09406 ' 

- 0.24595 

0.55808 

7.43859 

0.29672 

- 0.78251 

1.79962 

25.52121 

5.40000 

0.05476 

- 0.15302 

0.37879 

7.45316 

0.17203 

- 0.48408 

1.21102 

25. 56709 

5.60000 

0.03076 

- 0.09141 

0.24456 

7.46151 

0.09629 

- 0.28778 

0.77643 

25. 59327 

5.80000 

0.01668 

- 0.05250 

0.15067 

7.46613 

0.05205 

- 0.16458 

0.47556 

25.60769 

6.00000 

0.00874 

- 0.02901 

0.08878 

7.46859 

0.02719 

- 0.09062 

0.27885 

25.61537 

6.20000 

0.00442 

- 0.01544 

0.05013 

7.46986 

0.01372 

- 0.04807 

0. 15679 

25.61932 

6.40000 

0.00216 

- 0.00792 

0.02716 

7.47050 

0.00670 

- 0.02459 

0.08465 

25.62128 

6.60000 

0.00102 

- 0.00392 

0.01414 

7.47080 

0.00316 

- 0.01213 

0.04393 

25.62223 

6.80000 

0.00047 

- 0.00187 

0.00708 

7.47094 

0.00144 

- 0.00578 

0.02194 

25.62267 

7.00000 

0.00021 

- 0.00086 

0.00341 

7.47101 

0.00064 

- 0.00265 

0.01055 

25.62287 

7.20000 

0.00009 

- 0.00038 

0.00158 

7.47104 

0.00027 

- 0.00118 

0.00489 

25.62295 

7.40000 

0.00004 

- 0.00016 

0.00071 

7.47105 

0.00011 

- 0.00051 

0.00218 

25.62299 

7.60000 

0.00002 

- 0.00007 

0.00031 

7.47105 

0.00005 

- 0.00021 

0.00094 

25.62301 

7.80000 

0.00001 

- 0.00003 

0.00013 

7.47106 

0.00002 

- 0.00008 

0.00039 

25.62301 

8.00000 

0.00000 

- 0.00001 

0.00005 

7.47106 

0.00001 

- 0.00003 

0.00016 

25.62301 

8.20000 

0.00000 

- 0.00000 

0.00002 

7.47106 

0.00000 

- 0.00001 

0.00006 

25.62302 

8.40000 

0.00000 

- 0.00000 

0.00001 

7.47106 

0.00000 

- 0.00000 

0.00002 

25.62302 

8.60000 

0.00000 

- 0.00000 

0.00000 

7.47106 

0.00000 

- 0.00000 

0.00001 

25.62302 

8.80000 

0.00000 

- 0.00000 

0.00000 

7.47106 

0.00000 

- 0.00000 

0.00000 

25.62302 

9.00000 

0.00000 

- 0.00000 

0.00000 

7.47106 

0.00000 

- 0.00000 

0.00000 

25.62302 

9.20000 

0.00000 

- 0.00000 

0.00000 

7.47106 

0.00000 

- 0.00000 

0.00000 

2 5.62302 

9.40000 

0.00000 

- 0.00000 

0.00000 

7.47106 

0.00000 

- 0.00000 

0.00000 

2 5.62302 

9.60000 

0.00000 

- 0.00000 

0.00000 

7.47106 

0.00000 

- 0.00000 

0.00000 

25.62302 

9.80000 

0.00000 

- 0.00000 

0.00000 

7.47106 

0.00000 

- 0.00000 

0.00000 

25.62302 

10.00000 

0.00000 

- 0.00000 

0.00000 

7.47106 

0.00000 

- 0.00000 

0.00000 

25.62302 
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TABLE I.- AXISYMMETRIC STAGNATION -POINT UNIVERSAL FUNCTIONS 


a Q =0.75 - Concluded 


V 

,g 7 

Cm | m 2 m 3 ) 

l G V 

l G 7 

.17 

2 G 7 

(8,B 2 S 3 ) 

2 G 7 

2 G 7 

0 . 

0 . 

311.53850 

- 2649.20850 

0 . 

0 . 

- 0.06284 

0 . 

o.oiooo 

2.98477 

285.59945 

- 2539.12589 

0.01514 

- 0.00063 

- 0.06284 

- 0.00001 

0.02000 

5.71561 

260.74561 

- 2432.15500 

0.05885 

- 0.00126 

- 0.06284 

- 0.00005 

0.03000 

8.20320 

236.94621 

- 2328.22498 

0. 12864 

- 0.00189 

- 0.06284 

- 0.00010 

0.04000 

10.45794 

214.17120 

- 2227.26718 

0.22214 

- 0.00251 

- 0.06284 

- 0.00018 

0.05000 

12.48994 

192.39118 

- 2129.21548 

0.33706 

- 0.00314 

- 0.06284 

- 0.00029 

0.06000 

14.30899 

171.57741 

- 2034.00645 

0.47123 

- 0.00377 

- 0.06284 

- 0.00041 

0.07000 

15.92461 

151.70178 

- 1941.57809 

0.62256 

- 0.00440 

- 0.06285 

- 0.00056 

0.08000 

17.34606 

132.73678 

- 1851.87093 

0.78907 

- 0.00503 

- 0.06286 

- 0.00074 

0.09000 

18.58230 

114.65549 

- 1764.82709 

0.96886 

- 0.00566 

- 0.06286 

- 0.00093 

0. 10000 

19.64203 

97.43155 

- 1680.39084 

1.16013 

- 0.00628 

- 0.06287 

- 0.00115 

0. LIOOO 

20.53370 

81.03916 

- 1598.50772 

1.36114 

- 0.00691 

- 0.06289 

- 0.00139 

0.12000 

21.26550 

65.45306 

- 1519. 12506 

1.57027 

- 0.00754 

- 0.06290 

- 0.00165 

0. 13000 

21.84537 

50.64860 

- 1442.19167 

1.78595 

- 0.00817 

- 0.06292 

- 0.00194 

0.14000 

22.28099 

36.60123 

- 1367.65779 

2.00670 

- 0.00880 

- 0.06294 

- 0.00224 

0. L 5000 

22.57983 

23.28751 

- 1295.47491 

2.23111 

- 0.00943 

- 0.06297 

- 0.00257 

0.20000 

22.26695 

- 33.07637 

- 968.20860 

3.36401 

- 0.01258 

- 0.06314 

- 0.00454 

0.25000 

19.52270 

- 74.40167 

- 693.05798 

4.41736 

- 0.01575 

- 0.06343 

- 0.00702 

0.30000 

15.03599 

- 103.16685 

- 464.99988 

5.28731 

- 0.01893 

- 0.06385 

- 0.00996 

0.35000 

9.37794 

- 121.60851 

- 279.36093 

5.90149 

- 0.02213 

- 0.06443 

- 0.01328 

0.40000 

3.01359 

- 131.73587 

- 131.70312 

6-21338 

- 0.02537 

- 0.06518 

- 0.01690 

0.45000 

- 3.68705 

- 135.34049 

- 17.74950 

6. 19729 

- 0.02866 

- 0.06612 

- 0.02071 

0.50000 

- 10.43821 

- 134.00325 

66.65483 

5.84388 

- 0.03199 

- 0.06726 

- 0.02459 

0.55000 

- 17.02805 

- 129.10005 

125.55276 

5.15619 

- 0.03538 

- 0.06858 

- 0.02838 

0.60000 

- 23.30850 

- 121.80770 

162.86196 

4.14626 

- 0.03885 

- 0.07009 

- 0.03196 

0.65000 

- 29.18551 

- 113.11086 

182.34447 

2.83209 

- 0.04240 

- 0.07177 

- 0.03515 

0.70000 

- 34.60963 

- 103.81082 

187.56501 

1.23527 

- 0.04603 

- 0.07360 

- 0.03780 

0.80000 

- 44.07163 

- 85.75809 

168.21091 

- 2.71388 

- 0.05359 

- 0.07756 

- 0.04084 

0.90000 

- 51.86897 

- 70.86981 

127.62624 

- 7.52333 

- 0.06155 

- 0.08163 

- 0.03993 

1.00000 

- 58.39325 

- 60.36488 

82.86979 

- 13.04519 

- 0.06990 

- 0.08538 

- 0.03419 

l. 10000 

- 64.08304 

- 54.06687 

44.78627 

- 19.17424 

- 0.07859 

- 0.08829 

- 0.02316 

1.20000 

- 69.31500 

- 51.01190 

18.41802 

- 25.84667 

- 0.08751 

- 0.08984 

- 0.00690 

1.40000 

- 79.34047 

- 49.86045 

- 0.58790 

- 40.71563 

- 0.10534 

- 0.08692 

0.03846 

1.60000 

- 89.31551 

- 49.76606 

2.67105 

- 57.58147 

- 0.12160 

- 0.07393 

0.09160 

1.80000 

- 99. 19720 

- 49.03475 

3.08622 

- 76.43528 

- 0. 13422 

- 0.05072 

0.13824 

2.00000 

- 108.98354 

- 49.07400 

- 4.05063 

- 97.25326 

- 0.14138 

- 0.01994 

0.16555 

2.20000 

- 118.91857 

- 50.38786 

- 7.16316 

- 120.03897 

- 0. 14200 

0.01375 

0.16676 

2.40000 

- 129.08226 

- 50.79470 

6.51844 

- 144.83746 

- 0.13604 

0.04508 

0.14285 

2.60000 

- 138.91778 

- 46.44576 

39.79996 

- 171.65177 

- 0. 12442 

0.06969 

0.10113 

2.80000 

- 147.12461 

- 34. 14824 

83.76086 

- 200.2 9696 

- 0. 10879 

0.08504 

0.05202 

3.00000 

- 151.99639 

- 13.24723 

123.18920 

- 230.27887 

- 0 . 0910c 

0.09068 

0.00547 

3.20000 

- 152.00318 

13.88434 

144.21997 

- 260.76953 

- 0.07308 

0.08788 

- 0.03143 

3.40000 

- 146.32706 

42.73295 

139.93439 

- 290.69901 

— 0 . 05o31 

0.07898 

- 0.05538 

3.60000 

- 135.13359 

68.26512 

1 11.98080 

- 318.93040 

- 0.04172 

0.06659 

- 0.06647 

3.80000 

- 119 . 5128 ? 

86.48970 

68.58332 

- 344.45590 

- 0.02975 

0.05309 

- 0.06709 

4.00000 

- 101.16353 

95.40084 

20.67978 

- 366.55323 

- 0.02044 

0.04023 

- 0.06062 

4.20000 

- 81.96857 

95.12690 

- 21.86837 

- 384.86543 

- 0.01354 

0.02909 

- 0.05043 

4.40000 

- 63.60855 

87.44459 

- 52.69460 

- 399.39738 

- 0.00866 

0.02012 

- 0.03920 

4.60000 

- 47.30932 

74.98499 

- 69.59960 

- 410.44748 

- 0.00535 

0.01335 

- 0.02874 

4.80000 

- 33.75151 

60.45381 

- 73.83691 

- 418.50500 

- 0.00319 

0.00851 

- 0.02000 

5.00000 

- 23.11585 

46.07602 

- 68.70586 

- 424. 14372 

- 0.00184 

0.00522 

- 0.01326 

5.20000 

- 15.21030 

33.33455 

- 58.11129 

- 427.93383 

- 0.00103 

0.00308 

- 0.00840 

5.40000 

- 9.62268 

22.96317 

- 45.50699 

- 430. 38255 

- 0.00055 

0.00175 

- 0.00510 

5.60000 

- 5.85705 

15.09889 

- 33.35863 

- 431.90432 

- 0.00029 

0.00096 

- 0.00297 

5.80000 

- 3.43206 

9.49476 

- 23.05466 

- 432.81458 

- 0.00015 

0.00051 

- 0.00166 

6.00000 

- 1.93717 

5.71930 

- 15.09720 

- 433. 33894 

- 0.00007 

0.00026 

- 0.00090 

6.20000 

- 1.05376 

3.30444 

- 9.40170 

- 433.63001 

- 0.00003 

0.00013 

- 0.00047 

6.40000 

- 0.55269 

1.83330 

- 5.58334 

- 433.78577 

- 0.00002 

0.00006 

- 0.00023 

6.60000 

- 0.27962 

0.97761 

- 3.16887 

- 433.86616 

- 0.00001 

0.00003 

- 0.00011 

6.80000 

- 0.13652 

0.50147 

- 1.72184 

- 433.90620 

- 0.00000 

0.00001 

- 0.00005 

7.00000 

- 0.06434 

0.24762 

- 0.89698 

- 433.92544 

- 0.00000 

0.00001 

- 0.00002 

7.20000 

- 0.02929 

0. 11778 

- 0.44852 

- 433.93438 

- 0.00000 

0.00000 

- 0.00001 

7.40000 

- 0.01288 

0.05399 

- 0.21550 

- 433.93837 

- 0.00000 

0.00000 

- 0.00000 

7.60000 

- 0.00548 

0.02386 

- 0.09957 

- 433.94012 

- 0.00000 

0.00000 

- 0.00000 

7.80000 

- 0.00226 

0.01017 

- 0.04427 

- 433.94084 

- 0.00000 

0.00000 

- 0.00000 

8.00000 

- 0.00091 

0.00419 

- 0.01896 

- 433.94114 

- 0.00000 

0.00000 

- 0.00000 

8.20000 

- 0.00036 

0.00166 

- 0.00782 

- 433.94126 

- 0.00000 

0.00000 

- 0.00000 

8.40000 

- 0.00015 

0.00064 

- 0.00311 

- 433.94131 

- 0.00000 

0.00000 

- 0.00000 

8.60000 

- 0.00007 

0.00024 

- 0.00119 

- 433.94133 

- 0.00000 

0.00000 

- 0.00000 

8.80000 

- 0.00004 

0.00008 

- 0.00044 

- 433.94134 

- 0.00000 

0.00000 

- 0.00000 

9.00000 

- 0.00003 

0.00003 

- 0.00016 

- 433.94135 

- 0.00000 

0.00000 

- 0.00000 

9.20000 

- 0.00002 

0.00001 

- 0.00005 

- 433.94135 

- 0.00000 

0.00000 

- 0.00000 

9.40000 

- 0.00002 

0.00000 

- 0.00002 

- 433.94135 

- 0.00000 

0.00000 

- 0.00000 

9.60000 

- 0.00002 

0.00000 

- 0.00001 

- 433.94136 

- 0.00000 

0.00000 

- 0.00000 

9.80000 

- 0.00002 

0.00000 

- 0.00000 

- 433.94136 

- 0.00000 

0.00000 

- 0.00000 

10.00000 

- 0.00002 

0.00000 

- 0.00000 

- 433.94136 

- 0.00000 

0.00000 

- 0.00000 
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"The aeronautical and space activities of the United States shall be 
conducted so as to contribute ... to the expansion of human knowl- 
edge of phenomena in the atmosphere and space. The Administration 
shall provide for the widest practicable and appropriate dissemination 
of information concerning its activities and the results thereof.” 

— National Aeronautics and Space Act of 1958 
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